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Abstract 
 In this work, laser exposure was coupled with plasma etch processes for local etch rate 
enhancement, and under some conditions, etch activation.  Materials were tested which are most-
frequently used in semiconductor devices – namely Si, SiO2, and Cu.  A 100 Hz, 7 ns pulse width 
Q-switched Nd:YAG laser was applied at its 1064, 532, and 266 nm modes. Using the 532 nm line 
on Si (40 mJ/cm2/pulse) with a radiofrequency inductively-coupled plasma (RF-ICP) source 
placed upstream, laser etch enhancement effect is 4 Å/s in 50:4 sccm Ar/SF6 and 3 Å/s etch 
enhancement at 50:8:2 sccm Ar/C4F8/O2.  With no O2 flow in a 50:8 sccm Ar/C4F8 chemistry in 
an RF capacitively-coupled plasma (RF-CCP) source with a measured self-bias of -140 V, etch 
activation occurs at 0.62±0.07 W/cm2 (6.2±0.7 mJ/cm2), with etch rates linearly increasing with 
laser intensity.  The 266 nm line sees etch activation at roughly the same intensity, though etch 
rate scaling with laser intensity is roughly 6 times higher than at 532, corresponding to the 
drastically-larger absorption depth of 266 nm in Si.  No etch enhancement occurs in either 
chemistry for SiO2 due to its transparency across the UV-VIS-NIR spectrum down to 200 nm.  CFx 
polymer thinning occurs on both Si and SiO2 at 266 nm but only on Si at 532 nm, indicating a 
thermally-driven desorption mechanism which relies on heating the material beneath. 
Continuous wave (CW) laser sources of 405, 455, and 520 nm fail to stimulate etch 
enhancement even up to intensities of 200 W/cm2, demonstrating the necessity of rapid heating of 
the Q-switched Nd:YAG source (~10s of MW/cm2 over 7 ns) to temporarily but drastically 
increase wafer surface temperature.  COMSOL simulations showed that a Si surface over the 
duration of a 532 nm laser pulse would increase temperature by 2.7°C per mJ/cm2 – a reliably 
linear rate even at high intensity.  Testing of highly-doped Si wafers revealed a substantial increase 
in etch enhancement – 1019 and 1021 cm-3 P-doped wafers show 1.7× and 3.7× higher etch rates 
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over intrinsic Si, respectively.  The increased absorption coefficient in these doped wafers 
confirmed that the etch enhancement mechanism at 532 nm is due to desorption of etch products 
through thermal heating, rather than through photolytic bond breaking. 
Pulse rate variation with fixed pulse energy at low pressure showed that material removal 
per pulse saturating at 0.037±0.003 Å/pulse when the time between laser pulses exceeds the 
predicted F monolayer formation time in SF6 etch chemistry. This indicates that the instantaneous 
thermal heating of the pulsed laser promotes removal of involatile etch products on the saturated 
surface.  This effect was further verified in glancing-angle XPS characterization of surface F 
content with increasing laser intensity.  A similar saturation effect occurs in a polymer-rich 
C4F8/O2 etch recipe, with peak removal rates depending on pressure.  However, the presence of 
fluorocarbon radicals necessitates a minimum pulse rate to actively combat polymer growth, 
resulting in an intermediate optimized pulse rate for material removal per pulse: 0.031 Å/pulse at 
100 Hz for 1.0 mTorr, 0.021 Å/pulse at 50 Hz for 0.2 mTorr, and 0.015 Å/pulse at 25 Hz for 0.1 
mTorr (all using the same laser intensity of 40 mJ/cm2/pulse). 
High resolution SIMS depth profiling and XPS surface analysis showed that laser 
stimulation as a material removal mechanism drastically mitigates the penetration of 
residuals/contaminants into the etched wafer compared to ion bombardment, with the atomic 
fidelity of the Si surface being preserved.  Damaged layers for 40 mJ/cm2 laser exposure stayed 
below 1.5 nm thickness, while ion bombardment under -140 VDC self-bias causes noticeable 
mixing of etch residue into the Si and a damaged layer of >4.0 nm. 
Finally, etch tests of 100 nm full-pitch, 100 nm deep trenches showed the ability to tailor 
etch profile based on wafer orientation.  Polarization parallel to the trench line enhances etching 
at the top of the features, while perpendicular to the trench line increases trench bottom etch rate.  
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1. Introduction 
The Directed/Dry Etch Assisted by Laser (DEAL) project was initiated with a goal of 
producing broad-wafer uniformity and feature profile tailoring for integrated circuit (IC) 
manufacturing by incorporating laser exposure into plasma etch processes.  An overview of the 
project and a succinct summary of its tasks/objectives relative to this document are presented in 
Figure 1. 
 
Figure 1: Overview schematic of the DEAL project with experiments, methods, and goals summarized sequentially. 
 
Directed Etch Assisted by Laser (DEAL)  
Project Objectives 
Nature of Mechanism: 
Doped wafer tests 
(Ch. 7) 
Surface Conditions: 
XPS characterization of F 
surface coverage vs. intensity 
(Ch. 8) 
Damage Mitigation: 
SIMS depth profiling of damaged 
etch-front layer 
(Ch. 9) 
Test DEAL process on highly-doped Si, 
varying absorption coefficient with 
constant photon energy, etch chemistry 
Confirm whether 532 nm (visible) etch 
mechanism is photolytic or thermal 
Heat a saturated SiF
3 
surface by 532 nm 
laser exposure; compare its F coverage 
to SiF
3
 surface modified by substrate 
heating 
Draw a comparison between transient 
laser thermal desorption and steady-
state heating 
Measure Si straggle, etch residual 
(C/F/O) contamination: substrate bias 
vs. 532 nm laser exposure 
Proof of Concept: 
Preliminary wavelength, 
timescale, chemistry tests 
(Ch. 4) 
Gas Dynamics: 
Gas arrival/surface saturation 
timescale tests 
(Ch. 6) 
532 nm pulse rate and pressure varied 
in Ar/SF
6
 and Ar/C
4
F
8
/O
2 
plasma 
Measure laser removal per pulse as 
pulse rate competes with surface 
saturation timescale 
Show DEAL process’s advantage over 
ion bombardment in mitigating material 
mixing and surface damage 
UV, VIS, IR lines 
Si vs. SiO
2 
material 
SF
6
 vs. C
4
F
8
 etch gas 
CW vs. pulsed light source 
Establish guidelines on which light 
sources, materials, and etch chemistries 
are compatible 
Application: 
Profile tailoring by laser during 
2D feature etching 
(Ch. 10) 
Shallow SF
6
 etch of 100 nm full-pitch, 
120 nm deep Si trench lines exposed to 
532 nm pulsed Nd:YAG 
Demonstrate polarization-sensitive 
targeted surface etch enhancement with 
feature size ≪ wavelength 
Predict: 
COMSOL simulation of light-
material interaction 
(Ch. 4) 
Model surface temperature on Si during 
7 ns pulse at 532, 266 nm using 
COMSOL thermal and wave optics 
packages 
Show transient thermal conditions on 
blanket wafer, deep-trench power 
delivery on patterned wafer 
Test Methods Goal 
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1.1. Etching 
 Etching is the process of removing material from a surface.  This was historically an artistic 
process using acid as a variation on engraving, creating lithographs in decorative glass or metals, 
e.g. platters and armor.  Typically, a pattern is involved, called a “resist”; it functions as a stencil, 
preventing the etching of anything but the exposed area. 
The name “etching” is derived from the old Germanic word ätzen, meaning “to eat”.  As 
early as 1431 CE, Jehan le Begúe published a craftsman’s recipe for etching metal, involving an 
aqueous mixture of NH4Cl, KAl(SO4)2, FeCl2, and vinegar.  A beeswax resist would be applied 
and patterned by hand.  Nearly a century later, Daniel Hopfer, a German living in the 16th century, 
perfected the technique and is now credited as father of the then-blossoming art of the Renaissance 
period.  Many of his works are displayed in museums across Europe.19 
 
Figure 2: Etched cuisse, attributed to Daniel Hopfer, ca. 1515-1525 CE.  The item is displayed in the Victoria and 
Albert Museum, London.19 
1.2. Plasma etching for integrated circuits  
 Etching has become an essential step in the manufacturing of semiconductors.  It tends to 
involve depositing a material to be etched (omitted if the goal is to etch the substrate), coating and 
patterning with a resist, etching the first layer back, then removing the resist/mask.  The process 
tends to vary, especially depending on the device category, e.g. logic, NAND, or DRAM.  For an 
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example of process flow, the deposition/patterning/etch methodology is illustrated for double 
patterning techniques: 
 
Figure 3: Representation of various double patterning techniques, noting the cyclic role of deposition, lithography, 
and etch in the formation of integrated circuit architecture.20 
As shown in Figure 3, various methods are used to obtain small feature size for a given patterning 
resolution.  The general technique involves hardmask and resist deposition (often a spin-on wafer 
coating process), resist exposure via 193 nm ArF laser while submerged in water (becoming ~134 
nm), O2 plasma removal (ashing) of the exposed resist, plasma etching of the hardmask, then a 
second patterning step offset from the first pattern to double the number of features.  Some 
variation in patterning exists, such as the litho-etch-litho-etch (LELE) in the left column, vs. self-
aligned double patterning via mandrel deposition around a sacrificial spacer which reduces the 
cost and complexity by preventing a second light lithography step. 
 Several constraints are placed on the etching process, the foremost of which are: 
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Selectivity: The removal of one material while not removing another is absolutely essential.  For 
example, all etch processes demand high etch rate ratios of the etched material compared to the 
resist, or else the resist degrades and the ability to precisely etch the pattern disappears.  To 
illustrate the complexity and difficulty of selectivity in a modern IC stack, Intel has issued the “4 
Color Challenge” – that a process should be able to etch one “color” material selectively against 3 
others, with minimal corner rounding.22 
 
Figure 4: Visualization of Intel’s 4 Color Challenge.  In the diagram, the “blue” material in (a) is etched selectively 
over red, orange, and brown, with etch-stop on the yellow underlayer in (b).22 
Anisotropy: The ability to etch deep features without undercutting of the resist has driven industry 
to move from wet etch processes to plasma etch, which employs a combination of chemical etching 
and ion sputtering.  This synergistic process, called reactive ion etching (RIE), has allowed for 
directional etching of high aspect ratio (HAR) features without sidewall etching which would 
eventually etch through to the neighboring trench and break the pattern.  An example of isotropic 
vs. anisotropic etch is shown in Figure 5. 
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Figure 5: Cryogenic etching of Si via SF6 (44 sccm)/O2 plasma at 6 mTorr fill pressure. Case (a) uses 6 sccm O2 and 
sees sidewall charging of the resist, deflecting ion bombardment to the sidewall.  Case (b) uses 12 sccm O2 to 
increase sidewall passivation and reduce undercut.23 
High rate: Almost not needing mentioning, throughput is a crucial aspect of semiconductor 
processing.  As a full device stack can consist upwards of 50 processing steps.  Since wafer 
processing chambers (known as “tools”) constitute a large portion of a foundry’s capital cost, the 
individual time per wafer a process requires should be small, preferably less than a minute.  A 
process which produces a stellar etch profile or near-infinite selectivity is not commercially viable 
if it takes excessive time to be completed.  Luckily, with the shrinking of device features, etch 
rates can similarly be reduced while still producing more ICs per wafer.  These stringent 
requirements, coupled with decreasing size, enable novel methods, such as atomic layer etching, 
to break the mold. 
1.3. Light interaction with matter 
The behavior of materials when exposed to a laser, whether pulsed or CW, depends heavily 
on the material and the wavelength chosen.  Three categories of materials – dielectrics, 
semiconductors, and metals – behave wildly differently when exposed to UV-VIS-NIR light. 
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1.3.1. Optical properties of semiconductors 
Semiconductors’ interaction with light relies primarily on photon scattering to transition 
an electron from the conduction band to the valence band, two distinct energy state regimes which 
electrons can reside in the material.  Since the full bandgap energy is necessary for this transition, 
longer wavelengths cannot activate this mechanism except in the case of two-photon absorption 
(TPA), which only occurs for photon energies: 
 𝐸𝛾 >
𝐸𝐵𝐺
2
    (Eq. 1) 
and at extremely high beam intensities, i.e. GW/cm2.  Here, 𝐸𝛾 and 𝐸𝐵𝐺  are the photon and band 
gap energies, respectively. Additionally, free carriers activated thermally also function as a 
dissipative medium as the EM wave travels through.  Thus, photon energies below the material’s 
bandgap energy are still dissipated, an effect which intensifies with temperature.  Invariably, 
regions of high absorption also feature high reflectivity by the equation: 
 𝑅𝑠 =  |
𝑛1 cos 𝜃𝑖−𝑛2√1−(
𝑛1
𝑛2
𝑠𝑖𝑛𝜃𝑖)
2
𝑛1𝑐𝑜𝑠𝜃𝑖+𝑛2√1−(
𝑛1
𝑛2
𝑠𝑖𝑛𝜃𝑖)
2
|
2
   (Eq. 2) 
 𝑅𝑝 =  |
𝑛2 cos 𝜃𝑖−𝑛1√1−(
𝑛1
𝑛2
𝑠𝑖𝑛𝜃𝑖)
2
𝑛2𝑐𝑜𝑠𝜃𝑖+𝑛1√1−(
𝑛1
𝑛2
𝑠𝑖𝑛𝜃𝑖)
2
|
2
   (Eq. 3) 
where 𝑅𝑠 and 𝑅𝑝 denote reflected intensity fraction for perpendicular (s from the German 
senkrecht) and parallel polarizations with respect to the plane of polarization, respectively.  𝜃𝑖 is 
the incident angle normal to the interface, while n1 and n2 are indices of refraction from region 1 
to 2.  This configuration is pictured in Figure 6. 
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Figure 6: Schematic of reflection/transmission from medium 1 to 2 for p-polarized (?̅? parallel to the plane of 
incidence, the x-y plane) light on the left, and s-polarized (?̅? perpendicular to the plane of incidence) light on the 
right. 
As the angle of incidence 𝜃𝑖 approaches 0°, i.e. normal incidence, these equations 
accordingly become equal: 
 𝑅𝑝 = 𝑅𝑠 =  |
𝑛1−𝑛2
𝑛1+𝑛2
|
2
   (Eq. 4) 
 The apparent simplicity of the above equation may be misleading, as the index of refraction 
for any material is complex.  Thus, both not only will the polarizability of a material affect its 
reflectivity, but the resistivity/“lossiness” of a material will impact it as well.  This power loss is 
of particular concern for regions of high absorption in semiconductors, as seen in the 200-300 nm 
range for Ge, Si, and GaAs. 
To illustrate the distinction in optical properties in semiconductors caused by band gap 
𝐸𝐵𝐺 , three materials of varied band gap energies are considered.  Ge, in Figure 7, with the smallest 
bandgap of 0.67 nm (indirect) as shown in Figure 8, becomes increasingly absorbing at shorter 
wavelengths, though reflectivity approaches 96% at peak absorption at 290 nm.  Though a jump 
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in transparency occurs at 600 nm, no significant change is seen due to the small bandgap energy 
falling on IR wavelengths. 
Silicon, on the other hand, features an indirect bandgap energy of 1.12 eV at room 
temperature (displayed in Figure 10), which results in a jump in transparency at the respective 
photon wavelength of 1100 nm, as seen in Figure 9.  This jump is of interest because the 
fundamental mode of the Nd:YAG is 1064 nm, which is generally too transparent to achieve 
temporary, surface-driven heating from a laser pulse.  VIS-UV wavelengths are preferred for 
intrinsic Si, as the direct band transition to Γ1 of 3.4 eV implies an onset wavelength of 360 nm for 
the transition. 
Finally, GaAs in Figure 11 features the widest bandgap of the three, with 1.39 eV (shown 
in Figure 12).  The respective wavelength for this direct transition is 892 nm, and as expected, the 
transparency skyrockets as wavelength is increased past 900 nm. 
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Figure 7: Germanium absorption depth (–) and reflectivity (···).  Ge bandgap is 0.67 eV, which ties to a minimum 1.9 
μm wavelength for indirect bandgap excitation. 
 
Figure 8: Band structure of Ge.  The lowest energy transition from valence to conduction band is 0.66 eV at room 
temperature, though a direct transition to Γ1 is just barely higher at 0.80 eV.
11 
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Figure 9: Silicon absorption depth (–) and reflectivity (···).  Si bandgap is 1.12 eV, which ties to a minimum 1.1 μm 
wavelength for indirect bandgap excitation. 
 
Figure 10: Band structure of Si.  The lowest energy transition from valence to conduction band is 1.12 eV at room 
temperature, albeit an indirect transition requiring a change in electron momentum.12 
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Figure 11: Gallium arsenide absorption depth (–) and reflectivity (···).  GaAs bandgap is 1.39 eV, which ties to a 
minimum 892 nm wavelength for direct bandgap excitation. 
 
Figure 12: Band structure of GaAs.  This semiconductor happens to be a direct bandgap material, requiring no 
momentum for an electron to transition from valence to conduction band except through higher energy excitations 
into the X and L wells of the band.13  
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1.3.2. Optical properties of dielectrics 
 Dielectrics feature a far wider bandgap (>3 eV), resulting in virtually no mobile charge 
carriers at room temperature.  This wide gap causes many crystalline dielectrics to be transparent 
even down to 300 nm, though they are reflective according to their non-unity dielectric constant.  
However, some dielectrics such as PMMA or PTFE-like residue tend to be soft and easily ablated 
by UV lasers or evaporated by thermal heating.  These factors must be taken into consideration for 
wavelength choice when optically targeting a certain material in a device during processing. 
 The most significant dielectric of this study, SiO2, has some challenging optical properties 
to grapple with when dealing with UV-VIS-NIR.  The near-perfect transparency of the material 
extends from as high as 9 μm down to as low as 160 nm.  From the wide-spectrum absorption data 
compiled by Kitamura7 in Figure 13, the only practical laser sources that SiO2 is opaque to seem 
to be excimer lasers of wavelength <200 nm (the high-capacity ArF already in wide commercial 
use for lithography) and possibly in the mid-IR with resonances (9.2, 12.4, 21.2 μm)8 manifesting 
near CO2’s operating wavelength of 10.6 μm.  However, the use of either of these wavelengths 
poses issues– if a laser was chosen to preferentially heat SiO2, in all likelihood it would also heat 
other materials in the stack, namely Si and any metals. 
13 
 
 
Figure 13: Wide-spectrum imaginary index of refraction k for SiO2.  It is apparent that SiO2 is highly transparent from 
roughly 200 nm up to 9 μm, making absorption of most conventional laser sources difficult, though resonances seem 
to appear in the 9-30 μm range.7 
 
Figure 14: Imaginary index of refraction k of SiO2 across the UV-VIS-NIR spectrum.  Note the onset of absorption 
across a range of UV wavelengths depending on the quality of the oxide, varying from 150 nm up to 350 nm.
7
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 It is possible to modify the absorption of SiO2 through the addition of impurities, though 
this practice typically occurs only for significantly thick samples of glass (1-5 mm).  Whether 
manifesting through metal impurities in the form of soda lime, with an absorption edge near 300 
nm, or with the purposeful colloidal addition of certain metal oxides to “color” the glass, 
absorption modification of SiO2 is possible.  A variety of transmission spectra can be created based 
on the resultant oxide mixture, as shown by the popular manufacturer Schott9 in Figure 15.  
However, these techniques may be detrimental to both the long-term stability of the oxide, as well 
as the fidelity of the semiconductor device if impurity migration/diffusion occurs.  The other 
question would be the practicality of the process and the cost – introducing impurity metals into 
SiO2 growth may force a simple oxygen plasma process to be replaced with a CO2 discharge that 
incorporates an often-pyrophoric metal (Co, Se, Li, K, Zn, Cd) precursor10.  This is both costly 
and literally messy in regard to residual hydrocarbons left by the dissociated precursor, effectively 
transforming SiO2 into SiCOH with a metal dopant.  Either way, it is academically interesting and 
worthwhile to discuss, if not explore.  It wasn’t within the means of this project to engineer thin 
but selectively-absorbing dielectrics from scratch, so it is left up to the reader to ponder their 
applicability in the context of laser-assisted etching. 
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Figure 15: Schott portfolio of colored glass.  In particular, composition of longpass filter glass (GG, OG, RG) allows 
for a selection of the absorbance edge to absorb for wavelengths (e.g. 700 nm) in which other materials, e.g. Si, are 
transparent.9  
1.3.3. Optical properties of metals 
Finally, metals are particularly simple due to their lack of band gap, resulting in a Fermi 
“sea” of unbound electrons to function as charge carriers.  The free electron density is also the 
culprit for the reflectivity of metals—as is the case in plasma physics, the motion of the electrons 
screens out incident waves which are below the plasma frequency of the medium: 
 𝜔𝑝
2 =
𝑛𝑒𝑒
2
𝑚𝑒
∗𝜖𝑜
    (Eq. 5) 
where 𝑛𝑒 is electron density, 𝑚𝑒
∗  is effective electron mass, 𝑒 is elementary charge, and 𝜖𝑜 is free 
space permittivity.  The high density and collisionality of these free carriers also means that metals 
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are highly absorbing, generally exhibiting the same absorption depths across the entire UV-VIS-
NIR spectrum.  Plotted in Figure 16 are both components of various metals’ complex permittivity 
𝜖 = 𝜖1 + 𝑖𝜖2, with the parameter of interest being 𝜖2, which can be expressed in terms of the 
conductivity: 
 𝜖2 =
4𝜋𝜎
𝜔
     (Eq. 6) 
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Figure 16: Real and imaginary parts of the dielectric function, 𝜖.  A non-zero 𝜖2 signifies to power loss in the medium.
6 
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 For the metals pictured from Ordal et al.6, as well as many others (Pd, Pt, Ti, W, Ag, Fe, 
Co, Ni), the results seem to be the same.  Despite varying electron density and effective mass, the 
onset of plasmonic screening begins consistently around 1000 cm-1 wavenumber, or 10 μm 
wavelength, rapidly increasing absorption from the NIR wavelengths down to the UV.  This 
consistency, despite differing material parameters, can be understood by the Drude (simple 
collisional) model for the dielectric function: 
 𝜖1 =  𝜖𝑜(1 −
𝜔𝑝
2
𝜔2+𝜔𝜏
2)   (Eq. 7) 
 𝜖2 =  𝜖𝑜
𝜔𝑝
2𝜔𝜏
𝜔(𝜔2+𝜔𝜏
2)
    (Eq. 8) 
Where 𝜖1and 𝜖2 are real and imaginary components of the dielectric function (units of [F/m]), 𝜔𝜏 
is the electron lifetime in the metal, 𝜔𝑝 is the plasma frequency due to free electrons in the material, 
and 𝜔 is the angular frequency of the light.  Since 𝜔𝜏 is proportionally dependent on electron 
density and inversely proportional to effective electron mass (scattering cross sections tend to be 
inversely proportional to velocity), 𝜖2 tends to be consistent across all metals.  However, its 
magnitude below the plasmonic threshold varies strongly with the product 𝜔𝑝
2𝜔𝜏, which 
differentiates gold from lead in choosing a low-loss material for wired transmissions. 
 As mentioned earlier, most metals are highly absorbing across the UV-VIS-NIR spectrum.  
The absorption depths featured are in the 10s of nm range, with reflectivities ranging from 0.5-
0.95.  Optical properties of many metals featured in integrated circuits have been recorded through 
ellipsometric of thin films, included in the following section. 
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Figure 17: Absorption depth δ = 1/α and reflectivity R of a) copper, b) molybdenum, c) titanium, d) tungsten, e) 
tellurium, f) Tantalum, g) chromium, and g) aluminum.  Note that while reflectivities (dotted) vary, absorption depths 
(solid) are consistently on the order of 10 nm. 
a) b) 
c) d) 
e) f) 
g) h) 
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1.4. Laser basics 
 As the work focuses on laser treatment of materials, it is crucial to provide context on the 
nature of the light sources used.  Various methods can be used to generate coherent light, and their 
respective outputs vary with the technique. 
A laser comes in two general modes of operation – pulsed, or continuous wave (CW).  
Pulsed mode is appropriately-named: the laser supplies power for a short duration and is off 
between bursts.  On the other hand, CW operation relies on the laser constantly generating power.  
Either mode offers advantages and drawbacks.  CW lasers supply a steady beam power, while 
pulsed lasers rely on strong bursts of high intensity.  Whether one mode supplies more power than 
another depends on the material choice and its construction.  Invariably, both designs require 
adequate cooling of the gain medium. 
 
Figure 18: Schematic for a ruby laser, pumped optically and Q-switched through an electro-optical device, i.e. a Kerr 
cell.  The switching circuitry supplies power to the pumping lamp, while a circuit delays the signal to the Kerr cell to 
allow the gain medium to store power.  Once the Kerr cell is powered, it becomes transparent and allows 
spontaneously-emitted light to be reflected repeatedly between the total reflecting mirror (right) and the partially-
transparent mirror, stimulating emission from the gain medium in multiple passes until the energy is depleted and the 
laser pulse is spent.  The chart in the bottom-right displays gain medium power and laser output over time.14  
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 Arguably the most common pulsed laser, a Q-switched laser, consists of a gain medium, a 
resonating cavity, and a method to supply power – frequently termed as a pump.  The gain medium 
contains a material with a desirable atomic/molecular transition which emits light.  In the case of 
a Nd:YAG laser, dilute neodymium atoms are suspended in an yttrium-aluminum-garnet crystal, 
with a characteristic transition from 4F3/2 → 4I11/2, emitting a wavelength of 1064 nm. 
Of course, the pump is needed to supply power to the gain medium, either optically or 
electronically, to produce a sufficient amount of electrons in the excited state of that transition – a 
situation known as population inversion.  Supposing the transition is allowed, these electrons 
naturally relax slowly through a process called “spontaneous emission” with a timescale 
determined by quantum mechanics.  Ideally, the excited state has a long lifetime so that the power 
pumped into the gain medium isn’t immediately lost in an uncontrolled way.  However, the 
presence of the resonating cavity allows for this emission to be repeatedly reflected back into the 
gain medium, producing a forced de-excitation of more electrons.  This de-excitation triggered by 
light of the same energy as the transition is known as “stimulated emission” and is very effective 
in dissipating the stored energy in the medium.  The resonating cavity’s quality factor (Q) can be 
reduced to allow the gain medium to build up power quickly, then increased to rapidly dissipate 
the stored energy.  This cavity spoiling technique is the reasoning behind the name Q-switching.  
It is achieved typically by interrupting the beam path in the resonator, either actively through an 
acousto- or electro-optic device, or passively through a saturable absorber (Cr:YAG).  An example 
of a Q-switched system is pictured and described in Figure 18. 
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2. Photo-assisted etching: State of the art 
Dry/plasma etch techniques have advanced significantly in the past 30 years, and the subset 
using light exposure to assist etch is an interesting but severely limited portion of the field.  To lay 
out a laser-assisted plasma etch process, it was necessary to understand the work that has been 
done so far to couple light exposure with both dry and wet etching. 
2.1. UV exposure techniques 
As previously noted, lasers are pervasive in modern semiconductor patterning.  193 nm 
ArF excimer, the workhorse of millennial lithography, has shown extensive applications in 
material modification from barely-VUV light.  In the realm of etching, numerous papers have 
noted the effect of UV on dissociating bonds on the material surface, as well as etch enhancement 
in both wet and dry chemistry.26-32  Due to the high opacity of materials in the UV range, it’s no 
wonder that UV sources have been prime candidates for material processing and removal. 
2.1.1 Anisotropic VIS laser etching via Cl2 gas, no plasma (Arnone28) 
Arnone and Scelsi28 performed a study of visible excimer sources to anisotropically etch 
Si (100) using 600 mbar Cl2 fill gas.  Done in 1984, it set a precedent of producing an anisotropic 
etch process in Cl2, results that had previously not been accomplished. 
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Figure 19: Arnone and Scelsi’s anisotropic etch of Si (100) in 600 mbar Cl2 under 150 mW, ~1.5 μm spot size with a 
scan speed of 200 nm/s.  Note the apex angle in (b), which is in line with the angle {111} planes meet, 54.74°. 
The setup used a CW Ar+ excimer laser source, selecting either the 488 nm or 514.5 nm 
emission line.  With a 150 mW output and a 1.5 μm spot size, a direct-write scanning process at 
0.2 μm/s allowed for trench lines to be formed.  They noted themoluminescence on the surface to 
correspond to 500~800°C, which was within their model predictions by ~10%. 
Laser scanning in 600 mbar Cl2 with 1.5 μm spot size and 200 nm/s scan speed produced 
tapering trenches which strongly followed the Si {111} planes, meeting at a predicted 54.74° the 
with excellent surface finish, as seen in Figure 19. This preferential etching is reminiscent of 
anisotropic etching using KOH or similar wet etchants but surprising to see in a gaseous situation.  
Etch rates for 488 nm were roughly 2.5x higher than the 514.5 nm line at the same power.  The 
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authors assert that this is in line with the Cl2 absorption spectrum, though a more likely factor is 
the increased absorption/heating by 488 nm in Si. 
 
Figure 20: Volumetric etch rate of SiO2 for 488 nm, 150 mW, and 1.5 μm spot size at 0.15 μm/s scan speeds, vs. Cl2 
fill pressure.28 
SiO2 etching was attempted, as well, with data in Figure 20.  Interestingly, fill pressures 
below 130 mbar (100 mTorr) showed no etch rate at all, rapidly increasing to plateau around 300-
400 mbar.  Similar sharp thresholds-to-plateau in etch rate were also seen for laser power (>100 
mW) and scan speed (<400 nm/s).  With virtually no absorption of 488 nm in SiO2, this affirmed 
the author’s conclusion that laser absorption in the gas and subsequent cracking of Cl2, a product 
of both high fill pressure (600 mbar) and high intensity (150 mW Gaussian over a 1.5 μm spot, 
averaging ~850 W/cm2). 
The drawback in these tests is that the process is direct-write and consequently slow 
compared to mask lithography, serving more as a proof of concept than as a viable process.  
Directional scanning seems to be necessary, and with the anisotropy being driven by the lattice 
geometry, features would be required to follow axes in line with the (100) surface to accommodate 
etching along {111} planes.  Large area production is not likely, even with a patterned hardmask. 
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2.1.2 Pulsed UV excimer laser for selective removal of poly-Si and SiN over SiO2 (Loper29) 
 Loper’s work29 similarly notes the ability to employ neutral etch precursors for surface 
adsorption and subsequent laser stimulation for selective etching.  Among these mentioned were 
NF3 or COF2, some less-heralded but still often-used etchant gases. 
 It might be said that the full range of UV was explored in Loper’s work based on lines 
selected, namely 193 nm ArF, 248 KrF, and 351 XeF.  With a relatively fast ~20 ns pulse width 
but low repetition rate of 20 Hz, these parameters closely mirror the 4th harmonic generation on 
the in-house Nd:YAG at CPMI. 
 The range of areal pulse energy spanned 20-180 mJ/cm2, but for this energy, pulse width, 
and repetition rate, it was shown that only the 193 nm ArF produced appreciable etch rates when 
tested on Si and Mo.  Etch rates measured at 65 mJ/cm2 on p-type Si, for example, gave 
appallingly-low removal rates of (1.80±0.14)·1013 Si atoms/cm2 per pulse.  These numbers 
indicated a thickness removal of 3.60±0.28 pm/pulse, requiring at least 100 Hz to be a feasible 
shallow etch process.  Interestingly, these were high pressure processes (200 Torr NF3, 560 Torr 
Ne buffer) like that of Riedel, so it is unclear what constitutes such a low etch rate, particularly 
since nearly the same average power density and a deeper UV wavelength were used. 
 The interpretation of the etch mechanism was that photolysis was given priority, with 
modeled gas cracking of near-atmospheric pressure NF3 by the UV fluence creating a 4.9·10
13 F 
atom/cm2 fluence per pulse, which, with simultaneous heating from the laser pulse in the Si, would 
pair well with the 1.8·1013 Si atom/cm2 removal per pulse cited in their etch efficiency study. 
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2.1.3 Sub-threshold VUV-stimulated desorption in plasma etch (Shin33) 
 
Figure 21: Shin’s33 experimental setup, consisting of a bias-able grid substrate assembly (a), repelling or accelerating 
ions to the sample to be etched, based on the bias applied to VA and VB.  In (b), the RF ICP chamber has the substrate 
assembly enclosed by a quartz roof which is made partially opaque to light <170 nm by adding a Si mask.  Thus, two 
samples may be etched with controllable ion energy, with one exposed to the plasma VUV emission >100 nm and the 
masked sample only exposed to IR which can transmit through the Si mask. 
Hyungjoo Shin, a previous post-doc of CPMI, has even demonstrated that the VUV 
emission of the etching plasma itself serves a role in allowing sub-threshold removal of etch 
products33, specifically in an Ar and Cl2 (3%) plasma chemistry.  Using p-type Si, which has long 
been known to etch poorly in Cl2, it was shown that appreciable etching was accomplished even 
in absence of ion bombardment.  Using a bias-able grid setup shown in Figure 21, with the grids 
biased to repel ions, an appreciable etch rate was still observed on the quartz-masked sample.  This 
is pictured in Figure 22, as well as using OES to monitor etch products, where both no bias and -
30 V grid bias produced near-identical etch product signals, signifying sub-threshold etching in 
the absence of energetic ions.  This sub-threshold desorption is apparent at various conditions in 
Figure 23, where etch rate plateaus to a non-zero value, despite the ion impact desorption threshold 
beginning at ~16 eV.  Some other mechanism is also driving the etching process. 
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Figure 22: From Shin’s33 work, near-surface high-resolution OES emissions of etch products, monitored under varying 
substrate grid biases. Under VA = VB = +30 V bias conditions, ions were sufficiently repelled away, yet the emission 
intensities for Si and SiCl were near-identical. 
 
Figure 23: From Shin’s33 work, relative etch rates were determined from the 288.2 nm Si emission measured in high-
resolution OES, plotted against the root of ion energy in units [eV1/2].  This data demonstrates a non-zero etch rate 
below the etch product desorption threshold of ~16 eV (or 4 eV1/2, in this figure), even at 0 V ion energy, despite 
samples being p-type Si.  The plateauing below this value is indicative of the threshold. 
The hypothesis was that unintended photolysis via the strong emissions by Ar at 104.8 and 
106.6 nm46, 47 (and minimally by the 135 nm Cl doublet48) stimulated sub-threshold desorption of 
etch products in the absence of ion bombardment, substituting for the ~16 eV threshold shown to 
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cause appreciable increase in etch rate.  While strong lines additionally appear for Ar at 67.1 and 
72.3 nm45, the quartz window was not transmissive at these high energies. 
Proving the significance of VUV photolytic assistance was achieved using a semi-
enclosing quartz table which was partially covered with a Si mask, effectively allowing for a UV-
exposed sample through the unmasked quartz and a sample with no UV-VIS light exposure.  
Despite the questionable geometry of this setup, the substrate assembly overcame the obstruction 
caused by the quartz roof by grid biasing to draw in plasma which diffused below the covering. 
The results of the test were compelling – under etch conditions of 50 mTorr of Ar and 3% 
Cl2, using 300 W RF ICP and no bias, the Si-optically-masked sample saw etch rates of 3.8 nm/s, 
with the sample under the quartz showing 10.5 nm/s. This was drastically lower than the 130 nm/s 
recorded for when the Si sample was fully-exposed, optically.  These results showed that UV, 
especially the VUV from Ar emission, was the main etching mechanism in the absence of energetic 
ions. 
However, in bringing the photolytic effect of UV into application, the trouble is that light 
sources tend to be low output, touchy with traditional optics, and indiscriminant in the materials 
they modify, damage, or even ablate. 
2.2. Visible (VIS) and infrared (IR) light processing 
Endeavoring into the realm of lower energy photon sources, bond breaking all but 
disappears below 3 eV for typical source fluences (e.g. below GW/cm2 which enters the two-
photon absorption regime).  From typical visible wavelengths around 514-532 nm down to IR 
sources such as 780 nm (AlGaAs diode) or ~1064 nm (Nd-doped crystal/glass), a less-efficient 
(but also less-harsh) effect on etching is produced. 
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2.1.1 Porous Si generation by IR exposure in HF wet etch (Choy26) 
Choy and Cheah26 saw application with both UV and IR light sources in stimulating a 
microstructured porous silicon array, employing a 780 nm diode (AlGaAs) laser to expose a Si 
wafer submerged in 32wt% HF.  The laser would apply a 1-4 mW output with a spot size of 1 mm, 
translating to a mean intensity of 0.13-0.51 W/cm2.  The success of the etch was measured by 
photoluminescence (PL) intensity of the surface as a relative means of gauging porosity, as is 
common with porous/structured surfaces which may feature applications as an absorber or 
resonator. 
Interestingly, this long process saw intermediate peaking in both etch time and laser power.  
With no laser exposure, the sample saw no porosity/roughening sufficient to generate a measurable 
PL signal.  However, with increased laser power, it is suspected that the laser speckle/diffraction 
pattern caused localized etching proportional to the intensity, which varies on a microscopic scale. 
The speckle caused roughening of the surface, further promoting etching in these pockets due to 
increased surface area, creating a porous surface which manifested in the PL signal. 
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Figure 24: Choy’s26 photoluminescence (PL) optimization plots for generation of a porous Si surface by etching in 
32wt% HF, driven by a CW 780 nm laser diode.  Laser power optimization (b) used a 2 hr etch time, while the etch 
time optimization in (a) was carried out at a laser power of 3 mW, which was the optimized value found in (b). 
The explanation offered for the etching was that the laser generated electron-hole pairs at 
the surface catalyze the etch through charge transfer in the formation of SiFx and the accompanying 
proton release.  While it is possible for e-h pairs to be excited in Si at a photon energy of 1.6 eV, 
the transparency of Si at 780 nm and the low intensity of the diode make this explanation suspect. 
The optimized conditions, on the other hand, were both attributed to etch depth in pore 
formation.  Nucleation of pores on the surface progresses as the etch proceeds into the bulk of the 
wafer, but both depth of etch and broadening of pores seems to eventually adversely affect the 
luminescent properties of the surface, causing a drop in signal seen in both plots of Figure 24. 
2.1.2 Si conical microstructuring by IR (780 nm) and UV (390 nm) in SF6 dry etch (SF27) 
A study with similar goals as Choy was performed by Riedel et al.27 in dry, plasma-less 
conditions using laser exposure in the presence of high pressure SF6 gas.  Using a mode-locked 
(a) (b) 
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Ti:sapphire laser with possible frequency doubling, fast, high energy pulses could be generated 
either at 1 mJ with 780 nm, or 0.3 mJ at 390 nm.  These pulses had a width of 120 fs and repetition 
rate peaking at 1 kHz, using a chopper setup allowing pulse rate reduction down to 100 Hz. 
With a high fill pressure of 500 mbar SF6, surface saturation could occur very rapidly 
between laser pulses, forming an adsorbed SF6 layer which would be dissociated during the laser 
pulse.  Instantaneous intensity would reach the order of 10 GW/cm2. 
 
Figure 25: Riedel’s27 SEM images of ordered Si cone arrays, produced through (a) 780 nm and (b) 390 nm, both at 
conditions of 1 J/cm2, 500 Hz, 500 pulses, and 500 mbar SF6 fill pressure.  Note the differing scales in (a) and (b), 
which downplays the order-of-magnitude size difference between the two. 
A structured surface manifested after a sufficient number of pulses – Figure 25 shows 
ordered arrays at both 780 and 390 nm with 1 J/cm2 pulses at 500 Hz, 500 pulses total.  The cone 
size/spacing seemed to nonlinearly scale with wavelength, with 780 nm producing ~10 μm cones, 
while 390 nm produced a pitch of ~1 μm.  In line with the “random walk” nature of laser speckle, 
these cones were randomly grouped, though they maintain a defined pattern once formed. 
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Interestingly, the spacing of these features could be controlled and indirectly arranged by 
applying a masking method which would impact the layout of the laser speckle.  To this effect, 
Riedel added a copper wire in the beam path to force a diffraction pattern around it.  The result is 
shown in Figure 26. 
 
Figure 26: From Riedel27, ordered conical arrays showing lateral spacing following the expected diffraction pattern 
introduced by a 140 μm copper wire in the beam path.  (a) Diffraction pattern due to 780 nm light interacting with the 
wire, (b) SEM of the wire relative to the etched wafer, (c) and (d) magnified SEM images of the cone pattern near the 
wire’s edge.  Experiment conditions were 1 J/cm2, 500 mbar SF6, 780 nm, 500 Hz, and 500 pulses. 
 This self-patterning and ablative etching via ultra-fast laser pulsing is interesting in 
application, but the scale and aggressiveness doesn’t necessarily suit the needs of today’s 
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semiconductor manufacturing.  Regardless, the fs regime is interesting to consider when it comes 
to materials processing. 
2.2.3 Patterning using MHz VIS fs source on Si in wet KOH to form SiO2 etch-stop layer (Kiani50) 
 Kiani et al.50 explored the possibility of maskless lithography using direct-writing of oxide 
hardmask on-wafer, rather than the conventional multistep mask litho/patterning process shown in 
Figure 27. The laser used was a mode-locked Yb-doped diode-pumped laser running at 26 MHz 
and a pulse width of 214 fs.  A harmonic generator doubled wavelength to 515 nm.  At this 
harmonic, an areal energy per pulse of 0.15 J/cm2 was achieved. 
 
Figure 27: (A) Conventional lithography/patterning process involving a mask, and (B) proposed direct-write process 
through laser-stimulated oxidation in wet KOH.50 
 Intrinsic Si (100) samples were submerged in a 30% KOH solution and exposed to the 
focused laser, using a spot size of ~2 μm.  Due to the moderate pulse energy coupled with the high 
repetition rate, a fast scanning speed of 100 mm/s was possible. 
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Figure 28: Top-down SEM of SiO2 pattern drawn by 514 nm laser, using 26 MHz, 214 fs, and 3.3 W average power 
(150 mJ/cm2 pulses), and 100 mm/s scan speed.50 
 Various patterns that were drawn by the laser are shown in Figure 28. From a single laser 
pass, oxidation by hydroxyl ions was sufficient to create a hardmask of ~3.5 μm height.  
However, measurement of lateral variation pushed the limit of resolution of the optical 
microscope, as shown in Figure 29.  Interestingly, this profile was peaked at the edges rather than 
the center, which is counter-intuitive to the Gaussian profile of the beam.  It is possible that KOH-
driven etching occurred alongside surface oxidization.  Coupled with the peaking, their 
spectroscopic Raman results showed that the edges retained their crystallinity despite increased 
layer thickness, while the center saw amorphization due to the peak power density deposited in the 
beam center. 
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Figure 29: Optical microscope 3D profiling of SiO2 pattern drawn by 514 nm laser, using 26 MHz, 214 fs, and 3.3 W 
average power (150 mJ/cm2 pulses), and 100 mm/s scan speed.50  (A) is in air, while (B) is in the 30% KOH etching 
solution.  While the lateral resolution was unable to properly capture the step height, the profile in (B) demonstrates a 
thicker oxide layer and center dipping in the region of highest laser intensity, signifying an etching effect proportional 
to laser intensity. 
2.2.4 Highly-focused 514 nm Ar+ CW laser producing etch enhancement in CF4 + O2 (Holber25) 
 
Figure 30: Holber’s25 configuration for a focused Ar+ laser to expose a Si sample to 514 nm light during plasma etch.  
The beam was focused down to increase laser intensity, as a CW laser was used, constituting a low instantaneous laser 
intensity. 
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Holber et al.25 had observed an etch enhancement in a CF4 + O2 (4:1 ratio at 120 mTorr) 
RF discharge using a CW Ar+ laser (514 nm) on Si, with significant etch enhancement appearing 
on the order of 5 kW/cm2, with etch enhancement contributing to a doubled total etch rate at 20 
kW/cm2 laser fluence.  With careful checks to verify whether the laser wasn’t ionizing the fill gas, 
it was proposed that the main etch mechanism was heightened wafer surface temperature from 
laser heating.   
 
Figure 31: Holber’s25 measurements for various wafer doping concentrations at high CW laser fluence.  The framed 
box near the origin encloses data shown in Figure 18. 
 For increasing CW laser power, etch rate improvements in the exposed area plateaued 
above 50 kW/cm2, doubling the baseline etch rate at 20-25 kW/cm2.  Zooming in on the region of 
low fluence from 0 to 10 kW/cm2 produces Figure 18, demonstrating a slight dependence on wafer 
dopant concentration.  However, highly-doped p-Si exhibits drastically different behavior, with 
etch enhancement scaling linearly with laser power, unlike the other samples, which drastically 
spike to 40-50% etch enhancement at <1 kW/cm2 before the onset of a plateau. 
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Figure 32: Holber’s25 low fluence measurements of etch rate.  Interestingly, highly-doped p-Si saw a nearly linear etch 
enhancement with increasing laser power density, while the others saw a drastic spike at even 100 W/cm2.  
The interpretation of this etch enhancement is thermal excitation desorbing etch products 
from the surface, as predictions on photolytic desorption or gaseous dissociation produce 
negligible effects.  Holber’s results are promising, but the power deposited over such a small region 
of the wafer surface is sure to cause device damage.  It is also not likely to be scalable for CW 
operation, as the requirements of full-wafer exposure at several kW/cm2 cannot be provided by 
any commercial laser source. 
Based on their data at 514 nm, it is postulated that the same effect could be produced with 
a pulsed Nd:YAG (532 nm) laser on Si, extending to other materials at the appropriate wavelength, 
given that the pulse rate is shorter than the time for monolayer surface saturation driven by the 
partial pressure of the etchant species.  Pulsing would continuously release etch products from the 
surface while allowing for sufficient thermal relaxation time, allowing the deposited laser energy 
to migrate from the surface to the bulk. 
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2.3. Atomic layer etching applications 
Atomic layer deposition (ALD) and etching (ALE) have seen recent progress in laser 
exposure during the gas pulsing cycle.  The ALD/ALE technique involves alternating pulses of 
precursor gases to deposit or etch material in a self-limiting way—a monolayer in the optimal case, 
hence the use of “atomic” in the acronym.  Regarding ALD, deposited films have seen unique 
improvements with the use of UV exposure to enhance surface dissociation.  Table 1 displays 
several applications seen in recent years for new chemistries, enhanced film quality, and transition 
from sub-monolayer to monolayer deposition rates/cycle.24 
Table 1: Summary of previous photochemical ALD studies.24
 
 
So far, the photolytic application of pulsed layer or UV lamp has yet to see widespread use 
in ALE applications.  Using Cl2 gas combined with KrF laser (248 nm) has been shown to produce 
etching on GaAs at a threshold 13 mJ/cm2 for 100 Hz repetition rate.  Similarly, etching of Si(111) 
has been shown at low thresholds of 1 mJ/cm2 for the same source and chemistry, showing that 
SiCl2 and SiCl3 where the primary etch products being forcefully desorbed by the laser.
24  In 
addition, no technique using visible light for ALE has come into prominence.  It is expected that 
the enabling effect of pulsed lasers at visible wavelengths to quickly and controllably remove 
adsorbed etchants is a viable pathway to commercialize ALE processes.  
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3. Experimental setup 
 
Figure 33: Schematic of the DEAL vacuum chamber with corresponding pumping, plasma source, electric 
feedthroughs, gas input, and water cooling.  Gases on the system included C4F8, O2, SF6, Ar, and later CCl4 through a 
needle valve vapor draw system.  The plasma source is pictured through the center viewport, with hole in the live 
electrode (left) allowing the laser to reach the sample, mounted on the ground electrode (right, with water cooling 
back-mount). 
A small vacuum chamber was assembled for processing wafers with plasma discharge and 
laser exposure simultaneously, represented by the cartoon schematic in Figure 33.  The main body 
of the chamber was a 10” Conflat (CF) 5-way cross with two 6” fittings for pumping, one flange 
for direct roughing/pressure monitoring and the other with a gate valve dividing the main chamber 
and a turbomolecular pump.  A quartz beam window faced the laser table to admit the light source 
and expose the sample being processed (transmission spectrum in Figure 34, compared to a typical 
glass window).  Substrate cooling, RF-filtered temperature monitoring, RF input, and gas flow 
feedthrough were featured on a 5-port 10”-to-2.75” Conflat adapter on the back of the chamber. 
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Figure 34: Transmission spectrum of the fused silica/quartz (blue) beam window for admitting the light source of 
choice, with a standard glass window (red) for reference.  A proper quartz window is needed to transmit wavelengths 
below 300 nm. 
The main laser used for testing is a Nd:YAG (1064 nm) Q-switched laser with 7 ns pulse 
width, 100 Hz frequency, and harmonic generation for frequency doubling (532 nm) and 
quadrupling (266 nm).  Beam delivery was accomplished through an iron tube channel with 
mirrors mounted on an optical post for fine height and angle adjustment.  A laser bolometer was 
used for laser pulse rate and energy/pulse validation.  Alternatively, CW diode lasers were also 
tested – 405, 445, and 520 nm lines were acquired with 500 mW, 2.0 W, and 1.0 W maximum 
output, respectively. 
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Figure 35: Laser setup for beam delivery to the process chamber.  Thin film mirrors for the 1064/532 and 266 nm 
bands were used.  For safety, the beam path was encapsulated in iron pipes which were internally blackened and made 
diffuse to minimize reflection of scattered light. 
3.1. Plasma source design 
The process chamber consists of a radio frequency capacitively-coupled plasma (RF-CCP) 
source operating at 13.56 MHz with appropriate matching network, DI water cooling of the live 
RF electrode which doubles as the sample substrate, and a quartz window to admit the laser beam.  
Gas input of Ar, SF6, O2, and C4F8 is controlled by thermal mass flow controllers (UNIT 1661e 
and STEC SEC-4400 models), with pressure monitored by Pfeiffer capacitance manometer of 1-
860 mTorr range.  Vacuum is achieved via two-stage turbo/dry pump configuration for ~10-7 Torr 
base pressure with a manual gatevalve to restrict pump throughput in order to set operating 
pressure. 
 The design of the plasma source occurred in a few stages, initially consisting of an SS304 
plate (live electrode) suspended with ceramic tube 2 cm from a grounded SS316 substrate, as 
crudely depicted in Figure 33.  However, severe nonuniformity due to charging of the ceramic 
tubes led to a revision of the initial design. 
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 A new iteration of the CCP source, dubbed v1.1, featured a suspended live electrode with 
a hole for passing the laser onto the grounded substrate.  Though plasma uniformity was improved, 
this configuration had two issues – major power loss occurred outside the discharge gap (left side 
of Figure 36), and DC self-bias occurred not on the substrate, but opposite it.  This latter result 
made it impossible to etch using C4F8, with no energetic ion bombardment impinging the sample. 
 
Figure 36: Laser setup for beam delivery to the process chamber.  Thin film mirrors for the 1064/532 and 266 nm 
bands were used.  For safety, the beam path was encapsulated in iron pipes which were internally blackened and made 
diffuse to minimize reflection of scattered light. 
 The final revision for the current configuration, v2.0, was machined in-house with a design 
to promote localized power deposition, plasma uniformity, and proper self-bias of the substrate.  
As shown in Figure 37, a ground “shield” encapsulation surrounds the live electrode.  By keeping 
the gap between the live electrode and ground shield smaller than the electron mean free path of 
the fill gas (sufficient for operating pressures below 500 mTorr in Ar), it was possible to prevent 
plasma breakdown everywhere but the 2 cm discharge gap between the live and ground electrodes.  
The right side of Figure 36 shows this targeted power delivery happening very effectively. 
v1.1 – coupling with chamber, power 
leakage 
v2.0 – recessed design for confinement, 
power focused to discharge gap 
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Figure 37: Encapsulated RF-CCP design featuring DI water-cooled substrate which doubles as live RF electrode.  The 
recessed electrode and ground shield design allows for plasma uniformity and optimal power delivery, while the 5 
mm hole in the ground electrode provides a path for laser exposure. 
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4. Wavelength, timescale effects of laser on plasma etch 
 Preliminary results were obtained for understanding basic trends and magnitudes for laser 
intensity and compatible etch recipes.  Various wavelengths, etch chemistries, and materials were 
tested to troubleshoot and hone the conditions required for laser-enhanced plasma etch.  This 
chapter will outline this process and early results. 
4.1. Inhibitor etch calibration 
The initial investigation of laser-assisted etching involved inhibitor etch using 
octofluorocyclobutane (C4F8) a.k.a. halocarbon C318 (not to be confused with the extremely toxic 
allotrope, perfluoroisobutylene).  Inhibitor etch involves a simultaneous deposition of -[CFx]- 
polymer while F radicals attack the material to be etched.  While the etched area is kept clear of 
polymer via the directional sputtering effect of ion bombardment and additional O2 to “burn” the 
polymer to keep it thin, the sidewalls are protected by this polymer, creating very anisotropic etch 
profiles given the right conditions.  A typical trend of fluorocarbon etch rate vs. O2 concentration 
was obtained in order to identify polymer-rich and polymer-lean etch chemistry. 
 Figure 38 shows the etch rates of SiO2 and poly-Si in Ar/C4F8/O2 chemistry.  For no O2 
flow, a polymer deposits on the surface, inhibiting etching.  As O2 concentration is increased, gas-
phase dissociation of C4F8 by oxygen increases free F concentration while simultaneously 
removing the CFx polymer through the formation of CO2.  Etch rates peak at roughly 4 sccm, or 
~3.5% O2 partial pressure.  Beyond that, O2 begins displacing C4F8 and Ar, decreasing etch rate.  
Poly-Si etch rate falls much more rapidly, giving good selectivity of SiO2 over poly-Si at higher 
O2 flow.  While high selectivity may be alluring, care must be taken to keep O2 from dominating 
the process, as to not compromise the CFx sidewall coverage which is crucial to prevent lateral 
etching and preserve anisotropy. 
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Figure 38: Etch rates of SiO2 and poly-Si vs. O2 flow with the v2.0 RF-CCP source are shown.  Etch rates increase 
linearly for low O2 content due to enhanced dissociation of C4F8 into free F radicals, as well as ashing of the deposited 
fluorocarbon polymer.  Peak etch rates occur at roughly 4 sccm (3.5%) O2.  Selectivity of SiO2 over Si improves at 
higher O2 flow, at the expense of lateral etching of feature sidewalls due to thinning of the passivating CFx polymer. 
Other etch chemistries studied to date include Ar/SF6 and Ar/CCl4 mixtures.  SF6 was 
significant in that it provided fluorine etch chemistry without the typical CFx inhibitor layer.  CCl4 
was later employed to test more difficult materials to etch, such as copper thin films. 
4.2. Pulsed laser-assisted etch of blanket films 
Proof of concept for laser-assisted etching involved etch experiments on blanket films for 
simplicity.  The Nd:YAG Q-switched laser was used in these experiments.  Three tests for each 
process recipe were conducted: 
• RIE plasma etch (no laser) 
• Laser exposure (no plasma) 
• Tandem RIE/laser process 
The first two experiments are controls—the former to establish a baseline etch rate, and the 
latter to verify that laser fluence remains below the ablation/damage threshold for the given 
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material.  Through comparing with these two controls, it was possible to confidently observe the 
synergistic effect the laser has on the plasma process. 
4.2.1. Laser-assisted etch in Ar/C4F8/O2 mixture 
 
Figure 39: RF-CCP source v1.1 in action, with Ar/C4F8/O2 gas mixture at 40 W RF and 40 mJ/cm2 532 nm Nd:YAG 
at 100 Hz.  Si wafers are secured on the live electrode to the right, while the laser glints off the edge of the beam 
window hole in the ground electrode, left. 
The first result of laser-enhanced plasma etch, performed with a polymer-lean chemistry, 
is shown in Figure 40.  There is a significant etch rate enhancement due to laser exposure which 
is roughly linear with intensity.  At ~3 W/cm2 average power, the etch rate is doubled. 
 
Figure 40: Etch rates with and without laser in a polymer-lean inhibitor etch chemistry.  Etch enhancement with laser 
exposure scales linearly with intensity.  
47 
 
4.2.2. Etch activation in Ar/C4F8 mixture 
After achieving etch enhancement with laser in a polymer-lean recipe, a polymer-rich 
chemistry was explored to understand whether the laser could cause etch onset above a certain 
intensity.  The results are shown in Figure 41, using an Ar:C4F8 mixture with no O2 to remove 
polymer. 
 
Figure 41: Etch rates with and without laser in a polymer-rich inhibitor etch chemistry.  Etch enhancement with laser 
exposure scales linearly with intensity past a threshold exposure of roughly 0.6 W/cm2. 
 Si etch rates shown in Figure 41 are null up to ~0.6 W/cm2 (or 6 mJ/cm2 per shot) and then 
become positive.  The zero-etch rate condition below this threshold intensity shows that up until 
that point, the laser is competing with the polymer deposition process in the C4F8 discharge.  Once 
the polymer inhibitor is overcome by the laser, etching resumes as normal, scaling linearly with 
intensity like the polymer-lean recipe in Figure 40.  The wavelength choice is significant–at 532 
nm, the absorption depth is 1.3 μm in Si, while at 266 nm it’s 4.8 nm, and the energy per photon 
varies by a factor of 2.  As a result, the etch enhancement per unit intensity with 266 nm is a factor 
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of 6-7 higher than 532 nm.  This makes 266 nm competitive with 532 nm for processing Si, despite 
power loss in frequency quadrupling from the 1064 nm fundamental mode. 
4.2.3. Laser speckle’s impact on etch uniformity 
A key concern in the introduction of a coherent light source in materials processing is the 
interference pattern caused by differing path lengths of a non-planar and imperfectly collimated 
light source.  For anyone who has played with a handheld laser pointer, the speckle pattern visible 
in the beam spot is due to this effect.  Industrial power lasers are no different, and this effect can 
be detrimental to micro/nanoscopic uniformity.  It was pressing to understand the impact of the 
texturing and take the proper steps to mitigate it. 
Initial etch test results with SF6/Ar recipes were successful in showing an enhancement in 
etch rate under laser exposure, but most significantly, the enhancement seemed to scale with the 
macroscopic and microscopic ripple/speckle of the laser.  The resultant etch is shown in the top-
down SEM images in Figure 42: 
 
Figure 42: Etch profile of 5 min. 50:2 sccm Ar/SF6 at 1.0 W/cm2 RF-CCP.  Laser parameters were 532 nm at 40 
mJ/cm2, with 100 Hz and 7 ns pulse width (standard).  The beam was passed through a 5 mm “window” in the CCP 
ground plate, hence the reduced spot size.  Laser ripple is apparent in darker, deeper regions of etch enhancement. 
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 The spacing of the speckle pattern at 532 nm follows a pitch of ~4 μm between each crest.  
It was apparent in the SEM images that the patterning similarly caused subfeatures to form which 
resemble pitting and globules at the top of each crest.  These are shown in Figure 43 c: 
 
 
Figure 43: Micropatterning after a 5 min. 50:2 Ar/SF6 etch with 1.0 W/cm2 exposed by 532 nm Nd:YAG pulses at 40 
mJ/cm2, 100 Hz. 
a) 
b) 
c) 
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Innate patterning due to the laser was a healthy confirmation that etch rate variation could 
scale strongly with the intensity. It was no surprise, as the manual itself noted an expected beam 
pattern under proper alignment and operation: 
 
Figure 44:  Spectra Physics Quanta-Ray Nd:YAG laser burn patterns42 for (from left to right): proper alignment, beam 
clipped by optics frame, diffraction, misaligned harmonic resonator, and misaligned output coupler. 
The macroscopic pattern in Figure 44 manifests at low (calibration) intensity, while the main mode 
of emission appears with an ~8 mm spot size in the center of the pattern at high intensities typical 
of process conditions. 
 
Figure 45:  Mirror optics post that adjusts the beam path to the height and angle of the chamber window/CCP ground 
plate window.  The dithering motor is shown, secured to the top and in motion. 
 For the sake of processing uniformity and ellipsometric measurement of etch rates, a beam 
“dither” was added to spatially smooth the speckle.  Commercially, this is often achieved by a 
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vibrating optic or target.  To accomplish this, a motor with an off-axis weight was added to the 
optics column to introduce a dithering of the beam, pictured in Figure 45.  While this method still 
leaves the mid-pulse speckle intact, as the pulse duration is ~7 ns, the summation of multiple pulses 
dithered a fraction of a millimeter across the substrate should represent a smoothed laser exposure 
profile.  As seen in Figure 46, the beam dithering was successful in smoothing the etch profile 
under the laser-exposed area.  All experiments aside from the ones mentioned in this section were 
conducted with the optics dithering in effect. 
 
Figure 46:  Si wafer post-etch (see process conditions listed in Figure 42) for a) no dithering and b) optics dithered via 
9VDC motor with off-axis weight. 
 Post-dither, the improvement on ellipsometric fitting was significant.  Rather than 
attempting to model a film stack with periodic thickness variation, a specular etched blanket film 
provided fitting confidence within 0.5-2 Å.  In addition, precision in lateral measurement of the 
laser-exposed area was possible with the addition of focusing optics for the ellipsometer’s lights 
source, reducing the measurement spot size from ~2 mm to <200 μm.  The resultant combination 
of focusing optics and optical dithering is shown in the Woolam VASE fit of Δ and Ψ, with no 
dither in Figure 47 showing a poor fit for the laser spot, while Figure 48 shows a successful fit 
with dithering. 
a) No dither b) With dither 
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Figure 47:  Ellipsometric fit of etched poly-Si under laser exposure without dither, with a model of 275 nm poly-Si 
on 100±5 nm SiO2 on Si wafer, using a variable dielectric surface layer to account for fluorocarbon polymer and 
surface oxide. No representative model was found to sufficiently fit the ellipsometric data. 
 
Figure 48:  Ellipsometric fit of etched poly-Si under laser exposure with dither, with a model of 285 nm poly-Si on 
100±5 nm SiO2 on Si wafer, using a variable dielectric surface layer. 
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4.3. CW laser tests for plasma etch enhancement 
Due to the low cost, various diode lasers were also purchased and tested for laser-assisted 
plasma etch.  Three CW diode lasers were used: 
• 405 nm (violet) – 500 mW 
• 445 nm (deep blue) – 2.0 W 
• 520 nm (green) – 1.0 W 
The power output of these beams was measured via optical bolometer and was found to be within 
the original specifications.  The output could also be linearly varied via trimpot on the power 
driver.  Similarly, they could be focused/defocused via long focal length lens (750 mm) to control 
intensity. 
 Beam/wavelength properties are outlined in Table 2. 
Table 2: CW diode laser specifications. 
Wavelength λ 405 nm 445 nm 520 nm 
Absorption depth α in Si 136 nm 402 nm 930 nm 
Elliptical beam spot axes 5.0 × 6.0 mm 5.5 × 6.0 mm 5.0 × 7.0 mm 
 
The elliptical beam shape/astigmatism is driven by the dimensions of the active area of the 
diode, resulting in a divergent beam with Gaussian profile which is wider in the dimension the 
region is thinner,43,44 as pictured in Figure 42.  While this form could be corrected with an 
anamorphic lens, it was generally acceptable for preliminary tests to simply use a spherical lens. 
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Figure 49: Laser diode junction, demonstrating the beam output determined by the height of the active region 
compared to its width, from Sun.43  The beam output is highly divergent, astigmatic, and elliptical.  Corrective optics 
can be a simple spherical lens or an anamorphic (2-axis) lens to correct for the ellipticity. 
On the outset under comparable average power (2-4 W/cm2), CW laser diode sources at all 
three wavelengths were unable to produce etch enhancement in the exposed area in recipes the Q-
switched laser had succeeded.  Efforts to increase CW power were futile, even when ramping the 
445 nm intensity to 230 W/cm2 by focusing the beam down by a factor of 5.5.  With such high 
average power producing no impact on the etch rate, it became apparent that the transient nature 
and phenomenally high instantaneous power of the Q-switched laser was essential to produce 
localized etch enhancement in a material as thermally-conducting as Si, whose thermal diffusivity 
exceeds Cu. 
To summarize initial results and the impact of short duty cycle (in this case, ~10-6) laser 
pulsing, the following Figure 50 depicts both the Q-switched Nd:YAG and CW diode light 
sources’ qualitative influence on Si and SiO2 at various wavelengths, as well as their effect on CFx 
polymer thickness in a fluorocarbon etch recipe. 
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Figure 50: Qualitative laser influence in producing etch enhancement for pulsed (100 Hz, 7 ns pulse width) Nd:YAG 
wavelengths of 1064, 532, and 266 nm, while CW diode lasers of 405, 445, and 520 nm were unable to produce any 
effect of enhancing etch rate.  
 It is noted that both 532 and 266 nm were only sufficient to produce etch enhancement in 
Si, while even high intensity 1064 nm was unable to spontaneously heat Si in a localized way due 
to its long absorption depth (~0.5 mm).  No etch enhancement was seen in SiO2 due to its high 
transparency above 200 nm.  Additionally, in a fluorocarbon etch, the CFx polymer layer was only 
thinned when attempting to etch Si at 532 nm, while it seemed to be directly ablated at 266 nm 
regardless of the substrate.  This implies that certain opaque surfaces (Si over SiO2) can be cleared 
selectively by subsurface heating, so long as the polymer itself is mostly transparent at that 
wavelength.   
A proposed anisotropic etch process reflecting these observations is graphically depicted 
in Figure 51.  With a patterned wafer shown in a), a saturated CFx polymer layer develops as the 
plasma dissociates and deposits the etch gas (in this case, C4F8), pictured in b).  In c), pulsed laser 
heating clears the polymer in the exposed area by selectively and rapidly heating only the Si.  This 
produces a positive etch rate by maintaining a thin polymer layer for SiFx to desorb.  Assuming 
the beam continues to adequately heat the Si at the base of the forming trench, an anisotropic etch 
can occur without the assistance of ion bombardment, shown in d).  The viability of this deep 
trench power deposition will be explored in section 4.5. 
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Figure 51: Cartoon representation of the projected inhibitor etch process using laser assistance.  Before the 
fluorocarbon plasma is struck, a) shows the patterned wafer surface with open sites for etching.  With plasma struck, 
b) displays a surface saturated with a soft fluorocarbon layer, assuming either there is neither ion bombardment nor 
O2 ashing to remove it.  In c), a pulsed 532 nm laser heats the Si subsurface.  In d), that thinned polymer has allowed 
for etching in only the exposed areas which are opaque to the laser.  Assuming adequate intensity can reach the bottom 
of the trench (polarization and feature size allowing), this process will produce an anisotropic etch, even in the absence 
of ion bombardment. 
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4.4. Time-dependent blanket wafer heating – pulsed Nd:YAG simulations 
To understand the mechanism for etch enhancement, it was necessary to predictively model 
the material conditions at the surface.  With the use of a Nd:YAG Q-switched laser whose 
instantaneous power far exceeded its average power, it was crucial to visualize the transient 
thermal effects induced by a ~10-6 duty cycle (tshot ≈ 7 ns, fpulse = 100 Hz). 
4.4.1. Correlating laser pulse with surface temperature 
The transient nature of a Q-switched laser leads to many questions on the behavior of the 
exposed material for the duration of the laser pulse.  COMSOL simulations of the pulse on a planar 
Si surface were performed for a 7 ns pulse width at 532 nm. 
 
Figure 52: Beam-center wafer surface temperature during a 80 mJ/cm2 pulse (7 ns FWHM) at 532 nm in Si.    The 
pulse peaks at 10.5 ns, while the temperature peaks at ~14.5 ns.  Laser intensity overlaid in green and plotted in 
arbitrary units, with peak intensity of 5.4 MW/cm2. 
Figure 52 shows that peak surface temperature lags slightly behind incident power, with a 
maximum ∂T/∂t at the pulse peak.  The time delay is dependent on laser absorption depth 𝛿 = 𝛼−1 
and thermal diffusivity 𝛼𝑇 =
𝑘
𝐶𝑝𝜌
 (an unfortunate overlap in Greek notation).  A first-order 
estimation is: 
—  Surface Temperature 
—  Laser Intensity (peak 10.8 MW/cm2) 
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     τdelay~δ
2/αT      (Eq. 9) 
which is roughly the Fourier number of the system.  For intrinsic Si with 532 nm fluence, this 
value is: 
    τdelay
298K  ~
(1.3·10−4cm)
2
0.80 cm2/s
= 20 ns    (Eq. 10) 
What was observed in the simulation was a surface temperature peaking at 4.2±0.3 ns. The value 
overestimates the temperature delay observed in the simulation by a factor of 5. 
 
Figure 53: Surface temperature of intrinsic Si under 532 nm laser pulse beginning at 10 ns.  Pulse width was 7 ns 
FWHM. 
 As shown in Figure 53, varying the pulse intensity under 532 nm produced a very linear 
response in temperature rise, despite the slight dependence of Si absorption coefficient with 
temperature.  The time peak temperature is reached does not vary with laser intensity.  The cooling 
time is determined by the material, returning to room temperature within ~10 μs for Si.  Peak 
surface temperatures are plotted for a wide range of intensities in Figure 54 and shown for 
temperature gain per unit laser intensity in Figure 55. 
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Figure 54:  Peak surface temperature rise for a Si wafer at 20°C with an incident 532 nm Gaussian pulse with 7 ns 
FWHM. 
 In Figure 55, the variation of 𝛥𝑇 per unit intensity at lower intensities is assumed to be due 
to noise in calculating a small temperature rise due to a small intensity.  As the pulse power is 
increased, the incremental gains in temperature level out. 
 
Figure 55:  Peak surface temperature rise per unit energy per unit area, with units °C/(mJ/cm2), replotted from Figure 
54.  Though Si absorption is dependent on temperature, the gain in peak wafer temperature seems to be very linear 
with laser power, with visible variation being introduced by the time discretization and becoming steadier with higher 
laser power. 
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4.4.2. Material properties’ effect on laser absorption 
Choice of absorption coefficient varied slightly according to the reference, along with 
exhibiting a strong dependence on impurity concentration.  It is apparent from Figure 56 that the 
temperature profile is shaped by the absorption depth in this transient situation, assuming thermal 
diffusivity is kept constant.  For the slightly-doped case where α = 12233 cm-1, the temperature 
spread is thinner and the maximum surface temperature is higher by a factor of 1.3.  The derivative 
of temperature at the wafer surface is flat in the simulation; outside of vacuum, this will not be the 
case, as gas convection and desorption will be a source of heat loss.  As a result, the temperature 
profile is expected to peak slightly below the surface. 
 
Figure 56:  Depth temperature profile for 40 mJ/cm2 laser fluence of Gaussian profile (7 ns FWHM) at 532 nm. The 
plot range is roughly 4/α, using α for intrinsic silicon given by Jellison.34  Green and Keevers’52 value agrees within 
measurement error, while Aspnes and Studna’s51 absorption coefficient is for samples of 1014 cm-3 dopant 
concentration. 
The peak temperature rise due to a 40 mJ/cm2 laser pulse (typical of experimental 
conditions) is arguably enough to desorb SiFx species before full SiF4 has been formed, but it is 
insufficient to fully evaporate CFx polymer alone during inhibitor etch, an oxidizer being needed 
to additionally thin the polymer layer. 
—  α = 7653 cm-1 (Green & Keevers)52 
—  α = 7937 cm-1 (Jellison)51 
—  α = 12233 cm-1 (Aspnes &  
Studna, doped ~1014 cm-3)34 
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4.4.3. Effects of varying laser pulse width 
Though the Nd:YAG is locked into a ~7 ns pulse mode for typical operation, it is possible 
to shorten pulse width to 2.5 ns.  A parameter sweep was tested in COMSOL for this condition as 
a predictive tool for choosing an appropriate laser pulse width: 
 
Figure 57:  Si wafer surface temperature for 40 mJ/cm2 laser pulse (Gaussian in time) at 532 nm.   to time offset for 
the pulse was set equal to pulse width.  In all cases, the surface has nearly cooled to its pre-pulse temperature once 10 
μs have passed. 
 From the surface temperature plots in Figure 57, wafer surface temperature increase is 
shown to depend weakly on pulse width; going from 20 ns to 1 ns pulse at 532 nm causes the 
temperature increase ΔT to scale from 90 to 150°C.  However, when the power is deposited closer 
to the surface, e.g. 266 nm having a ~8 nm absorption depth, the pulse width makes a significant 
impact on surface temperature.  As the gradient in heating is sharper, surface cooling occurs on a 
much faster scale—on the order of 10-8 s at 266 nm, rather than 10-6 s at 532 nm.  However, the 
peak temperature for a 266 nm laser pulse is strongly amplified by pulse width, as the narrow 
heating depth can produce a very sharp temperature gradient if delivered.  Sample data in Figure 
58 for 40 mJ/cm2 shows a temperature rise of 150°C, 290°C, 470°C for 2.5 ns, 7 ns, 20 ns pulses, 
respectively.  This directly ties into the penetration depth, as the deeper regions of the wafer 
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haven’t been heated, so the conduction time across the penetration depth scales accordingly.  The 
absorption depth-driven volumetric heating explains the strong dependence of peak temperature 
on pulse width at 266 nm but not at 532 nm. 
 
Figure 58:  Si wafer surface temperature for a 40 mJ/cm2 laser pulse (Gaussian in time) at 266 nm, in contrast to 532 
nm in Figure 57.  to time offset for the pulse was set equal to pulse width.  In all cases, the surface has nearly cooled 
to its pre-pulse temperature once <1 μs have passed. 
 In fact, this phenomenon was already addressed by the Fourier number in Eq. 9 – as the 
penetration depth is shortened, the timescale for power delivery needed to maintain an elevated 
surface temperature becomes narrower.  It may be more helpful to view the 𝜏𝑑𝑒𝑙𝑎𝑦~𝛿
2/𝛼𝑇 
timescale as the upper limit on pulse heating, beyond which shorter pulses don’t proportionally 
improve peak surface temperature as the power is already spread throughout the material. 
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Figure 59:  COMSOL simulation results for peak surface ΔT due to a Gaussian laser pulse of 40 mJ/cm2, 
approximating the reflectivity for Si at each corresponding absorption/penetration depth. 
To portray a more enlightening trend, Figure 59 considers peak surface temperature change 
for two pulse widths: 2.5 and 7 ns, with material reflectivity approximating Si at the corresponding 
penetration depths.  While the Nd:YAG source of this work primarily operates with a 7 ns pulse 
width, 2.5 ns pulse data was included to demonstrate how a shorter pulse width coupled with a 
small penetration depth has a much stronger effect at driving a temporary temperature gradient for 
the same pulse energy, indicating that 266 nm (𝛿~6 nm) will be far more effective per unit intensity 
than 532 nm (𝛿~1 μm) for Si. 
4.5. Frequency domain simulations for 2D feature laser exposure 
 Perhaps the most prominent question for real applications is whether laser-assisted etching 
is compatible with feature sizes much less than the laser wavelength.  Blanket etch tests have 
proved promising so far, but no tests have been performed involving 2D structures, such as a 
patterned wafer or existing rectangular trench. 
64 
 
4.5.1. Simulation methodology 
 To predict the laser’s influence on anisotropic etching, COMSOL Multiphysics simulations 
involving wave optics and heat transfer were pursued.  Two mechanisms are expected to make 
deep-trench etching complicated: diffraction of the beam, and glancing angle sidewall reflection 
of the beam after being diffracted.  These effects are expected to activate trench sidewalls and 
cause outward bowing of the etch profile, harming anisotropy. 
 The initial simulation involved laser fluence on an existing trench structure.  The 
diffraction, reflection, and absorption were points of examination in the following development 
stages: 
• A trench with “infinite” aspect ratio (AR), with parameter sweeps in trench half-pitch 
• A trench of fixed pitch (presumably 22 nm), with a parameter sweep in AR 
• A trench array of a chosen pitch, critical dimension (CD), and AR 
 
Figure 60: Above is a schematic of: (a) infinitely deep trench in z, with characteristic half-pitch; (b) trench with 
prescribed half-pitch and AR; (c) periodic trench array with a given pitch, AR, and CD.  The addition of geometric 
complexity in (b) and (c) will illustrate the influence of trench bottom and neighboring trenches, respectively.  All 
structures are infinite in y, with the wafer extending into x and -z, using perfectly-matched layers (PML) for domain 
termination.  Figure (c) is optionally periodic in x. 
The simulation sequence in Figure 60 a) sought to understand the diffraction through the 
opening, for simplicity.  The trench bottom was then introduced in b), as that’s the goal surface to 
■ Resist 
■ Bulk material 
(a) (b) (c) 
x 
y 
z 
Half-pitch 
AR = depth/half-pitch 
CD 
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be etched.  Finally, the interaction of diffraction through trench sidewalls accounted for the 
presence of neighboring features, shown in c). 
The 532 nm Nd:YAG mode on Si was chosen as the initial model for study.  The goal was 
to demonstrate a relationship between feature size and vertical power deposition, showing how the 
laser is expected to distribute itself in the geometry. After the wave optics were solved for, the 
beam absorption was turned into volumetric heat generation in Si via: 
𝑞’’’ [
𝑊
𝑚3
] = −
𝜕𝐼
𝜕(?̅?·?̂?)
=
1
2
𝐽 ̅ · ?̅? =
1
2
𝜎 |?̅?|2   (Eq. 11) 
Where 𝑞′′′is volumetric heat generation, I is intensity, ?̂? is the unit propagation vector, σ is the 
conductivity at 532 nm, and 𝐽 ̅and ?̅? are the electric current and field, respectively.  The above 
expression comes directly from the Poynting vector and represents the spatial power loss of the 
beam through the material. 
4.5.2. E field propagation in-trench 
As for experimentation, patterned Si wafers with varying pitch were tested for etch profile 
with varying laser intensity at 532 nm (and 1064 nm if highly-doped Si tests are promising in the 
NIR range) with accompanying no-laser control test.  Hardmask compatibility with laser 
wavelength is a concern, though choosing a negative resist should satisfy the issue.  In addition to 
patterned wafers, existing trenches can be studied as well, using wafers with varying pitch 
provided by Applied Materials. 
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Figure 61:  Frequency domain simulations of a 532 nm beam incident on a 23.1 nm half-pitch, 9 trench array with AR 
= 80.  (a) |Ex| (polarization ⊥ to the trench line, horizontal) and (b) |Ez| (∥ to the trench line, out of page) are plotted.  
Trenches were finely-meshed with 6 elements per opening.  The geometry was made periodic in x, hence the 
overlapping interference patterns in the bulk Si.  Fields correspond to a 1 W/cm2 laser fluence. 
Figure 61 shows the polarization dependence of light incident on a 23.1 nm half-pitch, 23.1 
nm CD, 80 AR trench array.  The channel behaves as a linear polarizer, only admitting waves with 
polarization oriented normal (?̂?) to the trench plane.  The x-polarized light shows diffractive 
reflection at the surface, visible in the disturbance of the incident beam.  Once it has entered the 
channel, there is no sustained intensity in the Si, functioning as a multilayer waveguide infinite in 
?̂?.  Conversely, z-polarized waves are rapidly absorbed and show little field distinction between 
the airgap trench and Si sidewall. 
4.5.3. Power dissipation in the trench array 
 From E field data, the resistive heating losses in the material can be calculated.  Figure 62 
shows the power deposition profile for both polarizations.  The x-polarized case in Figure 62 (a) 
shows appreciable power transport to the trench base, despite a 1.8 μm depth (to compare, the 
absorption depth in Si at 532 nm is 1.3 μm).  In contrast, the z-polarized case in Figure 62 (b) 
deposits power rapidly at the top of the structure, heating the trench base comparatively little. 
(a) (b) 
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Figure 62:  Frequency domain simulations of a 532 nm beam incident on a 23.1 nm half-pitch, 9 trench array with AR 
= 80.  Resistive losses of (a) x- and (b) z-polarized waves are plotted.  Trenches were finely-meshed with 6 elements 
per opening.  Fields correspond to a 1 W/cm2 laser fluence. 
 Two other attributes of the simulation are forthcoming – first, diffraction at corners to the 
left and right of the array cause enhanced heating, compared to light incident on a blanket film; 
second, and a subject of the next dataset, is that the in-channel wavelength varies depending on 
polarization.  For 532 nm light incident on a 9-trench array with 22 nm half-pitch, the in-trench 
wavelength was 390.1±4.6 nm for x-polarized (⊥ to trench line), while z-polarized is 176.9±3.0 
nm (∥ to trench line).  The wavelength of 532 nm light in Si is 128.5 nm, so this obviously serves 
as a lossy waveguide with a characteristic mode between the vacuum wavelength of 532 nm (𝜆𝑜) 
and the wavelength in Si, 128.5 nm (𝜆 = 𝜆𝑜/√𝜖’, ϵ’ = 17.14). 
4.5.4. Varying trench number 
The variation of these characteristic wavelengths is shown with varying half-pitch, while 
CD is set equal to half-pitch for simplicity (50% material transparency of the trench array).  It is 
assumed that trench depth/aspect ratio is sufficiently large that it has little to no influence on the 
trend of number of sequential features. 
(a) (b) 
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Figure 63:  Frequency domain simulations of a 532 nm beam incident on a 23.1 nm half-pitch, AR = 80.  Resistive 
losses for x-polarized waves are plotted.  From left to right, an additional trench was added to the array, illustrating 
that the power loss becomes more uniform with a sufficient distance from the neighboring bulk Si.  
 
Figure 64:  532 nm x-polarized resistive losses at the trench base, taken 5 nm below the surface due to artifacts at the 
boundary.  The trench array begins at ~0.5 μm displacement, with 23.1 nm half-pitch, 23.1 nm CD, 80 AR, and 1 
W/cm2 laser fluence. 
The successive addition of trenches to the array is shown in Figure 63.  The study was 
inspired by the behavior of Ex in the 9 trench array, seen in Figure 61.  While the wave reached 
the trench base, it exhibited the cosine-like distribution as typically seen in a perfectly-conducting 
waveguide, though in this situation the sidewalls have 1.3 μm penetration depth.  In Figure 64, the 
power deposited at the trench base approaches the value it would be with the beam incident on a 
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specular, unpatterned surface, but only when 1-2 trenches away from the pattern termination.  A 
single trench sees rapid attenuation within the first ~100 nm, as shown in Figure 65. 
 
Figure 65:  Rapid extinction of 532 nm x-polarized light in a 23.1 nm half-pitch channel, AR = 80.  Propagation of 
modes in the channel doesn’t occur until the trench is widened to the in-Si wavelength, or more trenches are added. 
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5. Preparation for Mechanism Investigation Tests 
5.1. DEAL chamber revisions 
 The ergonomics of the previous chamber design were not conducive to coupling a narrow 
gap CCP source with normal-incidence laser irradiation of the sample coupon.  For wafer 
exchange, the orientation and recessed nature of the substrate, which doubles as the live electrode, 
had prevented the incorporation of a load lock and transfer arm, as well as the use of thermal 
compound for sample mounting and temperature stability in vacuum.  Manual alignment of the 
sample through the beam window in the ground electrode was time-consuming and required 
dialing down laser power to low fluence, which disturbed steady state laser operation and required 
even more time for the laser’s gain medium to return to operating temperature.  Additionally, the 
CCP source was unable to decouple plasma density from ion energy, a key feature needed in 
understanding the role of the laser compared to energetic ion bombardment. 
 
Figure 66: CAD model of the revised DEAL system.  Major changes include the addition of a Pyrex nipple with ICP 
coil, a repositionable substrate with independent RF bias, and a load lock/transfer arm setup for easy sample delivery.  
Quartz beam 
window 
Pyrex tube 
with ICP coil 
Sample chuck: 
• Anodized Al substrate 
• DI water cooling, RF bias 
• Adjustable Ultra-Torr 
10” to 5×2.75” feedthrough 
• DI water cooling 
• Capacitance manometer 
• Direct roughing 
• Thermocouple and RF 
input 
 Turbo pump ↓ 
DEAL System 
Upgrade 
Sep 2016 
Gas input & 
CCl4 
reservoir 
Coupon transfer 
• Load lock with direct 
roughing 
• Magnetic transfer arm 
• 6” CF gate valve 
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 Because of these limitations, the chamber was reworked to incorporate an inductively-
coupled plasma (ICP) source with independent RF bias on the substrate.  Radical density at the 
substrate can be adjusted by moving the stage closer to the ICP source via the Ultra-Torr 
feedthrough, while the RF bias controls ion bombardment.  The substrate was machined with a 
slot to accept the sample tray, pre-loaded with a coupon bonded with thermal compound.  This 
will allow sample exchange without the need of venting the main chamber. 
 
Figure 67:  Reworked DEAL chamber with load lock (top) and quartz tube with 4-turn upstream ICP coil (bottom-
right) illuminated by a 300 W RF 40 mTorr Ar discharge. 
 The redesigned chamber is pictured in Figure 67 with 300 W 13.56 MHz ICP discharge of 
40 mTorr Ar.  A schematic displaying the upstream ICP, laser beam delivery, and RF-biasable, 
water-cooled substrate is pictured in Figure 68.  The substrate can be adjusted 4” to move closer 
72 
 
or farther away from the plasma, with strategically placed, symmetric gas flow to promote uniform 
etching.  With plasma power/density decoupled from substrate self-bias, ion energy ramping tests 
were also possible with this new configuration. 
 
Figure 68:  DEAL translating, RF-biasable substrate schematic with upstream ICP source and laser delivery. 
5.2. OES Etch endpoint detection for accelerated experimentation 
The use of optical emission spectroscopy (OES) for endpoint detection is a well-established 
technique, even for low exposed area samples.  The tracking of an etch product emission line is 
followed until its intensity drops, signifying etch-through of a layer.  Alternatively, etch products 
from an underlying layer are monitored, and their appearance triggers the etch-stop condition. 
The OES technique removes the delay of measuring layer thickness post-process, which 
tends to drastically slow down experiment design, particularly for new materials and chemistries.  
Instant feedback allows and recommends using thinner films; so long as the film thickness is 
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known in advance, etch rates for blanket etch tests can be obtained before the sample is removed 
from the chamber.  OES endpoint detection is significantly easier in implementation than other in-
situ methods such as ellipsometry or ATR FT-IR.  All it requires is spectrometer line-of-sight of 
the etched wafer, as the species being tracked are secondary products of the plasma and tend to 
reside at the wafer surface. 
 
Figure 69: Plasma radicals and etch products over time (left) and sample spectrum (right) for CF4 + O2 etching of 
deep Si vias.21  The slight dip in the 440 nm SiF peak, and the increase in C2 516 nm Swan band head signify etch 
endpoint.  Knowing endpoint and etch rate, a precise over-etch is possible, making for a reliable etch process. 
Figure 69 shows various emission bands being monitored for determination of etch 
endpoint of the poly-Si film.  Assuming that etch rate and film thickness are uniform, the endpoint 
inflection seen on SiF will be on the order of the gas residence time in the chamber.  Sometimes 
the change in etch product (SiF) isn’t significant enough to confidently declare an endpoint.  
Because of this, complementary species such as the C2 Swan bands can be tracked to show a 
change in the general plasma chemistry.  In this case, free fluorine lines (703.8 nm) can also be 
tracked, as an increase in F concentration signifies a drop in etch rate, and vice-versa.  The optimal 
way to overcome ambiguous transitions and poor SNR is to use a summation of lines, where 
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decreases in etch product lines and increases in reactants/underlayer etch products are summed for 
a stronger, more distinct signal. 
5.3. Understanding the mechanism 
It was crucial for this work to articulate the specific behavior of laser-assisted plasma etch on 
Si.  To accomplish this, three investigatory tests were proposed: 
1. Etching using the same materials and chemistry, but varying the optical properties 
2. Varying power per pulse and pulse rate while maintaining constant average power 
3. Ramping substrate bias to separate the complementary effects of laser exposure and ion 
bombardment 
These tests and their significance are outlined in the following three sections, respectively. 
5.3.1. Increased absorption through doping – etching n- and p-Si with 1064 nm 
 It is well-understood that semiconductor optical properties change under doping—the 
deliberate addition of impurities to modify a material.  The introduction of states near the 
conduction or valence band results in either the excitation of a dopant’s valence electron into the 
conduction band (e.g. for group V elements in Si) or the dopant’s acceptance of a valence electron, 
forming a mobile “hole” (e.g. group III elements in Si).  This increases the conductivity of the 
material, as more free charge carriers are present to conduct current.  Complementary to this, 
absorption of electromagnetic waves in the material increases. 
 
Figure 70: Real (n) and imaginary (k) index of refraction for Si at varied As dopant concentrations.34  Note the 
increase in k and decrease in n, correlating to an increase in absorption with only a slight change in reflectivity. 
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As a key test to determine the mechanism and role of the laser in laser-enhanced plasma 
etch, it is of interest to repeat the 532 nm Si etch tests with varying doping levels, for both n- and 
p-type silicon.  This technique of doping is especially advantageous in the fact that only a tiny 
fraction (as low as 1:104-5) of Si atoms need to be replaced in the lattice to produce a noticeable 
change in complex index ñ.  By modifying the Fermi level in the material, the conditions the laser 
sees in the etched sample can be varied without simultaneously changing plasma etch reactions.  
The behavior of doped Si in the visible range is shown in Figure 70. 
Two possible outcomes are expected:  
1. The etch rate enhancement for the same laser intensity increases, or 
2. Nothing changes, compared to intrinsic Si 
Outcome 1 will demonstrate that the laser is exciting the bulk material, either through an 
increase in temperature or the excitation of surface plasmon, proportional to the absorption depth 
in the material.  Outcome 2, the null condition, will demonstrate that the laser is acting to 
dissociate/desorb surface bonds to remove etch products and open new etch sites.  The reason for 
the null condition will be that the etch products aren’t influenced by doping (so long as the fraction 
of dopant vs. bulk atoms is low).  Si—SiFx bonds are dissociated by the laser as before, regardless 
of how the underlying material has changed, optically and electronically.  Thus, it will be possible 
to differentiate between surface-driven and bulk effects. 
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Figure 71: IR absorption coefficient α for (#1) 1.4·1016 cm-3 As, (#2) 8.0·1016 cm-3 Sb, (#3) 1.7·1017 cm-3 Sb, (#4) 
3.2·1017 cm-3 P, (#5) 6.1·1018 cm-3 AsSn, and (#6) 1.0·1019 cm-3 As.  Concentrations quoted are of electronically active 
impurities at room temperature.  The impurity concentrations are roughly 5-10 times higher.35 
An important note: doping decreases the optical band gap of Si and can significantly 
increase absorption at photon energies below it—specifically, open up the 1064 nm fundamental 
mode of Nd:YAG for use in Si etch, as shown in Figure 71.  Because of this, photon energies hν 
< EBG may be the most effective in this test, as the laser absorbance begins to scale proportionally 
with dopant levels beyond 1016 cm-3.  At 1064 nm, which is right on the band edge, intrinsic Si 
will be transparent and highly-doped Si will be highly absorbing. 
5.3.2. Varying laser pulse rate 
 The purpose of varying pulse rate is to demonstrate the laser’s ability of removing 
unsaturated, non-volatile etch products.  By varying the pulse rate while maintaining a constant 
power, one can compare the time for monolayer surface coverage of reactive species against the 
time between laser pulses, gauging the required pulse rate at a given power.  If the etch 
enhancement mechanism ties to the arrival rate of e.g. F radical surface coverage, it may be 
deduced that increasing pulse rate will improve removal rate but having a diminishing removal 
rate per pulse once the time between pulses becomes shorter than the gas arrival time. 
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An analogy to windshield wipers may be drawn – the rate of the wipers should be 
proportional to the amount of rain falling.  In the case where light rainfall takes a large time to wet 
a windshield, a slow wiper speed will suffice.  For heavy rainfall, the rate must be increased to 
maximize the time the windshield is kept clear.  The case is the same with etchant flux to the 
surface – if a monolayer of fluorine radicals takes <1 ms to form (roughly accurate for 1 mTorr 
pressure and a sticking probability of 1), it is ideal to maintain a pulse period around that value.  A 
higher pulse rate would keep the surface clear for more etching (though orders of magnitude higher 
may be overkill), while a slower pulse rate leaves a period of time when the surface is saturated 
and etch rates are diminished. 
 
Figure 72: Cartoon representation of laser pulse rate tests.  The graphic shows how pulse rate can complement 
energy/pulse to maintain constant power.  Pulse shape, duty cycle, and intensity are not to scale.  The Q-switched 
Nd:YAG source operates at 100 Hz, and can be reduced in frequency.  As Q-switched pulse width is not easily 
controlled, the spacing between pulses will be the independent variable. 
Figure 72 demonstrates pulse rate vs. pulse energy tradeoff to maintain a constant average 
power.  As initial CW laser tests at comparable average powers produced no effect, the goal is to 
examine the requirement of a pulsed light source in the VIS-IR range. 
5.3.3. Substrate RF bias ramping – low-damage plasma etch 
 As noted in the introduction, two mechanisms are involved in RIE – chemical etching via 
neutrals (e.g. F2, Cl2) or radicals (typically free F, Cl dissociated from parent neutrals like CF4, 
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SF6, NF3, CCl4), and bombardment of energetic ions to rapidly desorb etch products and open new 
surface sites for continued chemical etching.  DC self-bias of the live electrode in RF-CCP 
configurations tends to accomplish the latter, and in ICP remote plasmas, a separate RF bias is 
applied to the substrate. 
 In DEAL’s tests involving the v1.1 CCP source, it was shown that the self-bias was 
necessary for measurable etch rates in C4F8 in the absence of laser.  A sample placed on the 
grounded electrode would not attract energetic ions; a CFx polymer would form and saturate, 
preventing etch.  Similar effects would happen in SF6 chemistry: etching would be seen, but at a 
severely diminished rate. 
By shifting to an ICP source with separate substrate bias, it was possible to control the 
energy of ions arriving at the sample, tuning out or enhancing the sputtering aspect of RIE.  This 
reconfiguration will enable testing of how the laser can replace ion bombardment, allowing for 
substantial etch rates while avoiding the material damage introduced by -200 to -300 DC self-bias.  
A reduction in ion damage will be helpful for fragile materials, such as polymers, low-κ dielectrics, 
and MgO used in MRAM devices.  It will also severely mitigate surface damage in the upcoming 
7 and 5 nm nodes, where surface disorder of even several monolayers can become an issue. 
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6. Gas arrival/surface coverage tests – pulse rate ramping 
 The first investigation covered the interaction between etchant species transport and laser 
“action” time – specifically the time between laser pulses.  This was to understand the interaction 
of the laser vs. the plasma/gas dynamics. 
6.1. Laser pulse rate hardware configuration 
The challenge in varying the pulse rate of the Nd:YAG laser is that the power delivered to 
the gain medium by the flash lamps must remain constant, as the thermal conditions of the crystal 
will strongly affect laser output.  This requires maintaining a flash lamp rate at the optimized 100 
Hz setting, while Q-switching may be done less frequently.  The Quanta-Ray Lab Series model 
was not equipped to set Q-switching rate independent of the flash lamps through the standard 
controller, though an external trigger was available.  Thus, it was necessary to construct a 
triggering circuit with the appropriate Q-switch delay (60-500 μs variable) and an option to skip 
Q-switching by an integer number of lamp pulses. 
 
Figure 73: Stage 1 of the 555 timer configured in astable operation to generate a 4 μs pulse at a frequency of 100 Hz 
to trigger the Quanta-Ray’s Xe flash lamps at a steady, optimized rate. 
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Figure 74: Stage 2 taking the 100 Hz signal from Stage 1 and implementing a delay for Q-switch triggering.  The 
variable resistor Rdelay was found to be 3640Ω to produce roughly a 380 μs delay. 
 
 
Figure 75: Divide-by-n timer designed to remove a fixed number of Q-switch triggers.  The factor n is determined by 
tuning the time the threshold is hit for the timer output to return to off-state, which is done by varying Rvar. 
The external laser triggering for varied pulse rate was accomplished using a three-stage 
system of 555 timer circuits.  Stage 1, shown in Figure 73, is an astable configuration designed to 
output a fixed-frequency square wave based on the charging and subsequent dissipation of 
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capacitor Ca.  When trigger pin TR reaches a 1/3 of the supply voltage, the output OUT is set to a 
high state, roughly 1.7V less than the supply voltage.  Ca charges with a time constant determined 
by its capacitance, as well as Ra and Rb.  When the threshold pin TH reaches 2/3 of the supply 
voltage, OUT is set to a low state.  The on- and off-time are accordingly determined by these three 
components: 
 𝑡𝑜𝑛 =  𝐶𝑎𝑅𝑏 𝑙𝑛 2    (Eq. 12) 
 𝑡𝑜𝑓𝑓 =  𝐶𝑎(𝑅𝑎 + 𝑅𝑏) 𝑙𝑛 2   (Eq. 13) 
Thus, the duty cycle and frequency are: 
 𝜏 =
𝑅𝑏
𝑅𝑎+2𝑅𝑏
    (Eq. 14) 
 𝑓 =
1
𝐶𝑎(𝑅𝑎+2𝑅𝑏)𝑙𝑛 2
    (Eq. 15)  
 The values of Ca, Ra, and Rb were chosen to be 0.1 μF, 144 kΩ, and 287 Ω respectively 
(within 2% tolerance), producing 100 Hz pulse frequency and 0.002 duty cycle.  The output signal 
is fed into a pull-down resistor setup to source the output signal from supply voltage, then directly 
into the flash lamp external trigger, as well as into stage 2 for Q-switching delay. 
 The second timer system, pictured in Figure 74, introduces a variable delay to trigger the 
Q-switch 60-500 μs after the flash lamps are triggered.  The PNP transistor keeps the CV pin 
shorted to TR.  Once the pulse is received from the first timer, the transistor shuts off and the 
capacitor begins charging at a rate determined by Rdelay and its own capacitance.  When TR reaches 
1/3 of source voltage, the timer output goes high after a delay of: 
 𝑡𝑜𝑛 =  𝐶𝑅𝑑𝑒𝑙𝑎𝑦 𝑙𝑛 3    (Eq. 16) 
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It was found that with a capacitance of 0.1 μF, the Rdelay value which produced a maximum laser 
output was 3640 Ω, correlating to a delay of 380±10 μs.  Again, a pull-down resistor setup returns 
the timer’s output to supply voltage. 
 Finally, the delayed signal enters the third timer system, which simply uses a monostable 
configuration with an extendable on-time determined by Rvar.  Since the reset pin R is not 
connected, new pulses received on TR don’t register while the previous signal is still being 
outputted.  Thus, it is possible to set the on-time (determined similarly by Eq. 16) to a value greater 
than a multiple of the lamp pulse rate to “skip” pulses on the Q-switch end.  This divides the pulse 
rate by an integer n: 
 𝑛 =  𝑐𝑒𝑖𝑙(𝑓𝑡𝑜𝑛) = 𝑐𝑒𝑖𝑙(𝑓𝐶𝑅𝑣𝑎𝑟 𝑙𝑛 3)  (Eq. 17) 
where ceil() is the ceiling function, rounding up to the nearest integer.  For a pulse rate of 100 Hz 
and a capacitance of 22 μF, the minimum Rvar to produce a respective division factor n was:  
Table 3: Divide-by-n frequency reducer resistor values. 
n min(Rvar) 
1 414 
2 828 
3 1240 
4 1660 
5 2070 
7 2900 
10 4140 
15 6210 
20 8280 
 
6.2. Pumping upgrade for low pressure recipes 
In order to produce process conditions with a surface saturation rate comparable to the 
minimum laser pulse spacing of 10 ms (100 Hz), the chamber pumping had to be increased from 
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60 L/s (Pfeiffer TPH-060) to 1600 L/s (Alcatel ATH 1600).  With a ~27-fold increase in pumping 
speed and ~16-fold increase in cross-sectional pumping area, the minimum pressure achievable 
with typical etch recipes fell from 3 mTorr to 10-4 Torr while still keeping the MFC max flow 
ranges of 20, 50, 100 sccm for O2, SF6/C4F8, and Ar respectively.  Thus, from the plot shown in 
Figure 76 by Wolf53, pressures could be chosen that would produce gas arrival times shorter than 
the pulse spacing of the Q-switched Nd:YAG. 
 
Figure 76: From Wolf and Tauber53, calculated monolayer surface saturation time vs. partial pressure at 25°C.  This 
plot assumes a sticking probability of 1 for the radical in question. 
6.3. Pulse rate ramping for fluorine etch (SF6) 
Two different chemistries were tested on Si: first, SF6 dilute in Ar (1:20 sccm flowrate) for 
an exclusively removal-based etch; second, a mixture of C4F8, O2, and Ar (4:1:20 sccm flowrate) 
with O2 flow tailored to just barely produce zero net etch rate in the absence of the laser, creating 
a 5±0.7 nm steady-state polymer layer. 
84 
 
 
Figure 77: Etch enhancement vs. Nd:YAG repetition rate at 40 mJ/cm2 at 532 nm in 20:1 sccm Ar/SF6.  The laser 
contribution to the material removal seems to plateau for higher repetition rate at higher pressure. 
The results of the SF6 etch is shown in Figure 77.  The baseline etch rate in the case of the 
SF6 chemistry was subtracted out to display the etch enhancement.  For SF6, the increasing trend, 
roughly linear, is seen as laser pulse rate increases.  However, when plotted in Figure 78 as 
thickness of Si removed per pulse, a region of diminishing return is seen for higher repetition rate. 
 
Figure 78: Si material removal per pulse vs. Nd:YAG repetition rate at 40 mJ/cm2 at 532 nm.  A diminishing return 
of material removal for each pulse falls off rapidly for higher repetition rates at lower pressures. 
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Figure 79: Si material removal per pulse vs. Nd:YAG pulse spacing at 40 mJ/cm2 at 532 nm.  1 ML fluorine surface 
coverage time is marked using vertical lines for 0.1, 0.2, and 1.0 mTorr (22.5, 11.3, and 2.3 ms, respectively) using 
their corresponding plot colors. 
Replotting for pulse-pulse spacing illustrates the corresponding timescale when that 
diminishing return begins.  For increasing pressure, that timescale shortens until at 1 mTorr, it is 
too short to be observed. 
The results illustrate that increasing the pulse rate beyond a certain threshold while 
maintaining the same energy/pulse is useless, as the etch process becomes limited by gas transport 
and less and less SiFx radicals are present on the surface to be desorbed.  Pulsing the laser faster 
than the surface saturation time simply wastes laser power. 
6.4. Pulse rate ramping for lean (but saturated) fluorocarbon etch (C4F8/O2) 
When changing to an inhibitor etch chemistry of 4:1:20 sccm C4F8/O2/Ar, the laser-assisted 
etch enhancement changes significantly at low repetition rate, as seen in Figure 80. 
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Figure 80: Etch enhancement vs. Nd:YAG repetition rate at 40 mJ/cm2 at 532 nm in 20:4:1 sccm Ar/C4F8/O2.  Opposed 
to the trend in Figure 77, at low repetition rates the etch enhancement remains zero. 
 In C4F8 chemistry, going to low Nd:YAG repetition rate in a no-etch recipe did not cause 
etch onset.  However, increasing to 100 Hz still showed a plateau in etch enhancement that was 
emphasized at lower pressures.  Plotting the data as removal per pulse illustrates an interesting 
dependence on pressure, shown in Figure 81. 
 
Figure 81: Si material removal per Nd:YAG pulse vs. repetition rate at 40 mJ/cm2 at 532 nm in 20:4:1 sccm 
Ar/C4F8/O2.  A diminishing return is still seen at higher pulse rate, but at low pulse rate an etch onset takes place 
scaling with pressure. 
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 Beyond 50 Hz, the trend in Figure 81 resembles the removal per pulse in SF6 chemistry in 
Figure 78.  However, at lower repetition rate, the etch rate remains zero.  For this low pulse rate 
regime, the laser is unable to breach the CFx polymer layer for F-based etching to take place.  For 
increasing pressure, the etch onset increases from 15 Hz at 0.1 mTorr, 20 Hz at 0.2 mTorr, and 
~30 Hz for 1 mTorr.  As the recipe is in the polymer-saturated regime, higher pressure implies a 
higher growth rate of fluorocarbon, requiring more laser pulsing to evaporate.  These onset values 
are entirely dependent on the recipe; in C4F8 recipes with no O2 flow and low Ar dilution, the laser 
has been shown to be unable to breach the CFx layer even at 100 Hz. 
 
Figure 82: Si material removal per Nd:YAG pulse vs. pulse-pulse spacing at 40 mJ/cm2 at 532 nm in 20:4:1 sccm 
Ar/C4F8/O2.  More-infrequent laser pulses cause the net etch rate to fall to zero due to polymer deposition, while faster 
pulses (left side of graph) still show the diminishing return when faster than the surface saturation time.  Lower 
pressures of 0.1, 0.2, and 1.0 mTorr, like Figure 79, have their corresponding surface saturation times marked by 
vertical line of the same color (22.5, 11.3, and 2.3 ms, respectively). 
 As seen in Figure 82, the drop-off of material removal per pulse occurs at roughly the 
surface saturation time, as again marked by vertical lines.  Due to competing fluorocarbon growth 
and longer times for F-coverage to take hold, there is a narrow region where removal/pulse is 
optimized, shifting to faster pulsing for higher pressure. 
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6.5. Summary of gas arrival/surface coverage effect 
 To summarize the pulse rate variation tests shown in this section, a simple fluorine-based 
etch provided by SF6 exhibits a plateauing of the etch rate enhancement at higher pulse rate, which 
coincides with mass transport limitations based on radical pressure.  However, when fluorocarbon 
growth is introduced in a C4F8 chemistry, a low laser pulse rate is insufficient in keeping the 
polymer thin, resulting in a diminished etch. 
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7. Absorption depth variation with isochemical conditions – thermal 
mechanism probe 
 Pinning down the specific etching mechanism – whether thermal, photolytic, or bulk 
photochemical – demanded that etch tests would be carried out on the same material with varying 
absorption coefficient.  If the wavelength/photon energy was kept constant but the thermal 
influence of the laser exposure was changed, these tests would demonstrate whether the etch 
enhancement is thermally-driven.  Should no change occur even though the absorption coefficient 
of a material was increased, thermal effects could be ruled out and attention would turn to the 
energy of the photon interacting with the material, breaking bonds and desorbing surface species. 
7.1. Si wafer doping – tuning absorption coefficient with minimal impact on etch 
chemistry 
 
Figure 83: Absorption coefficient [cm-1] for various As-doped Si samples, from Jellison et al.15 
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As already mentioned, doping Si with shallow-state defects artificially increases the mobile 
carrier concentration in the material, increasing electromagnetic losses.  Highly-doped Si can be 
drastically more opaque than intrinsic (undoped) Si. 
As shown in Figure 83, Si absorption from the UV edge down to lower photon energies 
increases significantly with impurity concentration, as the free carrier concentration is high and 
binding energy of dopant atom states is low.  At 532 nm (2.33 eV), introducing 1021 cm-3 of a 
dopant (roughly the upper limit of electronically active impurities, depending on the dopant type) 
can result in a tenfold increase in absorption coefficient, significantly reducing the volume of 
deposited energy and increasing the peak surface temperature mid-pulse. 
7.2. Absorption coefficient ramping results 
 
Figure 84: Intensity ramping etch enhancement data for P-doped Si exposed to 532 nm Nd:YAG, contrasted against 
intrinsic Si at 532 nm and 266 nm.  Areal power per pulse can be determined by dividing intensity by the repetition 
rate (100 Hz). 
The use of doped Si seems to significantly change the contribution of the laser to the etch 
process.  Keeping other figures under control and aiming for similar etch rate scaling on known 
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data, the original intensity ramping experiments were repeated to incorporate doped Si wafers of 
various impurity concentrations.  The result, shown in Figure 84, shows that the efficacy of 532 
nm can be significantly enhanced with highly-doped silicon.  The respective slopes as intensity 
increases are plotted in against the absorption depths at the respective doping concentrations. 
The trend of etch enhancement per unit intensity is shown against the predicted absorption 
depth for each material in Figure 85.  From these results, varying the absorption depth while 
keeping the wavelength and etch chemistry constant ruled out the suspicion that the higher etch 
enhancement of 266 nm per unit intensity was due stimulating bond breakage through a higher 
photon energy.  Using half the photon energy (532 nm) but bridging the gap in absorption depth 
between 532 and 266 nm demonstrated that laser heating, rather than bond breakage, was the major 
player in increasing the etch rate. 
 
Figure 85: The efficacy per unit intensity of laser etch enhancement is plotted against the penetration depth in Si.  
Values were obtained from the trendlines in Figure 84.  The use of highly-doped Si has allowed the bridging of the 
gap between 532 nm and 266 nm.  Absorption depths are predicted from the As-doped Si optical data of Jellison et 
al.15 
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7.3. Summary – compelling evidence of thermally-driven etch enhancement 
While this is not necessarily a practical effect in manufacturing (highly-doped Si tends to 
only be isolated to a thin layer for reducing contact resistance), this test was able to verify that the 
nature of the etch enhancement is driven by a concentrated spatial heating of the surface, rather 
than photolytic damage introduced by the incident light. 
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8. Surface characterization of etched Si under laser fluence 
The following series of tests focuses on Si surface composition in etch conditions, the 
effects of laser exposure on that surface, and a contrast of those effects against ion bombardment’s 
influence on surface properties.  X-ray photon spectroscopy (XPS) was employed to observe the 
state of Si post-etch, comparing trends of bulk wafer heating to pulsed laser exposure.  Through 
careful analysis of this data, an understanding of the laser’s effect on surface species was 
constructed.  It was determined that transient thermal heating of Si at visible wavelengths 
stimulated desorption of involatile etch products with an upper limit to this desaturation at high 
intensities. 
8.1. Literature study of etchant adsorption, etch product desorption of Si 
Determining the empirical etch product desorption temperatures and corresponding laser 
pulse intensities was key to understand etch mechanics of the laser-assisted plasma process.  On 
the desorption of SiFx radicals from a Si(100) surface, a wealth of research has been performed, 
both experimentally through sputter yields and computationally through MD simulations. 
8.1.1. Ellipsometric tracking of actively-fluorinated Si under in-situ heating (Aliev3) 
 Ellipsometric studies by Aliev et al.3 on changes in optical delta 𝛿𝛥 have shown changes 
in fluorine surface coverage.  Using the change in absorbative properties of the Si(100) surface in 
F2 at varied temperature, it was possible to establish stages of desorption of SiFx for a wide range 
of temperatures.  It was shown that F surface coverage was linearly proportional to 𝛿𝛥, but since 
surface saturation was convoluted with F2 adsorption/abstraction, it’s not a fully reliable method 
to isolate SiFx desorption stages.  Still, the rapid drop in F content past 600°C is helpful to 
determine where full removal of Si-F bonds takes place under laser exposure. 
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Figure 86:  Change in ellipsometric delta δΔ during F2 exposure with increasing temperature, from Aliev et al.
3
 Three 
regimes are noted for SiFx desorption he changes at 270±15°C, 500±20°C, and >600°C.  
8.1.2. RGA desorption mass spectroscopy for SiFx (Pullman4) 
A more illuminating study on etch product desorption was performed by Pullman et al.4 
using a high-mass quadrupole residual gas analyzer (RGA), in the same system of Si(100) exposed 
to F2 gas, shown in Figure 87.  The data represents the SiF2
+ and SiF3
+ RGA signal from low to 
full surface saturation.  For SiF2
+, the shift from a peak at 820°C at low surface coverage down to 
790°C and returning to 810°C at 1 ML is indicative of second-order kinetics upon desorption.  The 
distinction between SiF2, SiF3, and SiF4 is difficult to make from this data as the cracking of SiF4 
into SiF2
+ and F2 upon electron impact masks the signal due to SiF2, but three distinct desorption 
peaks appear: a minor peak at 560±20°C at 1 ML, a more prominent peak at 700±15°C, and the 
sharp and strong peak appearing for all surface coverages at 800±20°C (suspected to be primarily 
SiF4). 
95 
 
 
Figure 87:  Mass spectrometry of SiFx desorption from a Si(100) surface exposed to F2 gas, performed by Pullman et 
al.4 
The high temperature of these desorption signals challenges the typical view in chemical 
etching that a fully-saturated surface will release volatile SiF4
 as the primary etch product.  While 
Pullman attributes the signals shown in Figure 87 to both SiF2 and SiF4, it is difficult to believe 
SiF4 to remain on a surface for long, even at conditions as mild as room temperature.  Thus, for 
the purpose of this work, the SiF2
+
 data will be attributed exclusively to SiF2, and respectively 
SiF3
+ to its parent SiF3 molecule. 
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8.1.3. MD determination of physisorption energy and sticking probability (Tinck1) 
Tinck et al.1 recently produced activation energies on Si(100) and varied Si—F surfaces at 
cryogenic (173K) and near-room temperature, giving insight on desorption rates in the absence of 
ion bombardment. 
 
Figure 88: Physisorption energy of etch products SiF1-4 on both Si and SiFx surfaces, from Tinck.1 
It is seen in Figure 88 that a significant reduction in desorption energy occurs with 
increasing substrate temperature.  Similarly, for increasing surface coverage, the energy of 
desorption increases, as seen in the case of SiF4 for Si, SiF, SiF2, and SiF3.  While this data is only 
calculated for cryogenic and room temperatures, it is possible to extend this to higher temperatures 
using an Arrhenius form, as taken from Knizikevičius2 provides. 
8.2. Surface conditions post-laser exposure: XPS surface characterization methodology 
To further test the hypothesis of the laser causing elevated surface temperature as the 
mechanism for subthreshold SiFx desorption, a new test set was pursued which was correlated with 
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glancing-angle XPS spectra for surface composition.  Following the trend of diminishing returns 
of a laser on an unsaturated Si surface, we pursued intensities well beyond the typical 40 mJ/cm2 
used in the repetition rate ramping studies. 
 
        
Figure 89: Methodology for testing F-coverage post-laser exposure, starting with a) a shallow SF6/Ar etch with no 
substrate biasing, b) a single pulse from the Nd:YAG at 532 nm after the plasma is off, c) removal into the load lock 
followed by a dry N2 vent, d) hermetically sealing the sample in N2 with Parafilm™ in a wafer container, and finally 
e) performing glancing-angle (80°) XPS for shallow-surface composition. 
The experimental methodology is described in Figure 89 is to produce an understanding of 
Si surface composition post-laser exposure.  Step a) can be seen as a fluorine “treatment” at room 
temperature, aimed to produce a full surface coverage of fluorine.  This is followed by b) a laser 
pulse of varied intensity, with c) subsequent removal from vacuum to be d) transported to the XPS 
tool (Kratos AXIS Ultra).  The XPS measurement of the sample in e) is restricted to the ~3 mm 
spot size of laser exposure. 
A similar test was run to verify the instantaneous-heating hypothesis as the driving 
mechanism for material removal.  This test was very similar to that described in Figure 89, though 
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the laser pulse step b) is removed and replaced with in-situ substrate heating during the XPS 
measurement later on.  This test was succinct in varying the surface temperature, as XPS spectra 
could be gathered at a given temperature then increased and measured again with the same 
fluorine-treated sample.  It also more forgiving in sampling area during XPS, as the entire sample 
could be measured, rather than exclusively the beam spot.  This alternative test is described in 
Figure 90. 
 
Figure 90: Methodology for testing F-coverage via XPS with in-situ heating, starting with a) a shallow SF6/Ar etch 
with no substrate biasing, b) retraction into the load lock and subsequent N2 vent, c) sealing the sample to atmosphere, 
d) incremental substrate heating in the XPS tool, and e) surface composition measurements via XPS before increasing 
substrate temperature and repeating. 
The time-intensive process discussed in Figure 89 was performed for 24 different pulse 
energies, spanning 5 mJ/cm2 all the way up to 400 mJ/cm2, corresponding to instantaneous surface 
temperature increases from 17°C to 1100°C, as shown in Figure 54.  The fluorine surface 
composition from this data set was plotted against both the areal laser energy and the 
corresponding peak surface temperature from the COMSOL study. 
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The shallow etch used to prepare these samples was done with relatively high pressure (100 
mTorr) and no substrate bias in order to produce control samples as close to 1.0 ML surface 
coverage as possible.  Thus, the laser-exposed samples are normalized against the no-laser control 
to establish a relative loss of SiFx scaling with pulse energy. 
8.3. F surface composition XPS results – desorption stages, validating laser intensity 
against simulated surface temperature 
The results of the single-pulse laser exposure on a SiFx surface shows a noticeable trend 
with laser power on fluorine surface coverage, exhibiting incremental stages of desorption 
occurring at 40±5 mJ/cm2, 90±10 mJ/cm2, and a final decline beginning at 190±10 mJ/cm2. 
 
Figure 91: Glancing angle XPS (75°) fluorine surface composition for Si(100) etched with low ion energy Ar/SF6 
plasma then exposed to a single 532 nm Nd:YAG pulse, normalized against an etched sample with no laser exposure.  
Since the XPS measurement was taken at an extreme angle of incidence, it was assumed that the spectrum would not 
reliably represent benchmark surface composition models. 
The three stages of desorption might easily be attributed to SiF3, SiF2, and SiF for 
progressively higher pulse energy.  Unfortunately, the Si—F bond is not intense nor resolved well 
enough to differentiate Si—F backbonded with an additional Si vs. F, so it is left to in-situ mass 
spectroscopy to verify this, which this project wasn’t equipped to perform. 
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The validation of the above fluorine composition trend through traditional substrate heating 
is pictured in Figure 92. 
 
Figure 92: Glancing angle XPS (75°) fluorine surface composition, for Si(100) etched with low ion energy Ar/SF6 
plasma then heated in-situ in the XPS device. 
Interestingly, the same 3 desorption stages are observed for Figure 92, though somewhat less 
drastically compared to the laser-exposed samples of Figure 91. 
Attempting to correlate peak surface temperatures from the Figure 91 transitions to the 
predicted COMSOL values in Figure 93 produces a temperature offset: 
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Figure 93: Temperatures showing desorption stages, which manifest as significant drops in F surface coverage.  
Desorption due to substrate heating had much lower values for these thresholds compared to its laser-exposed 
counterpart. 
The successive desorption transitions for a single 532 nm Nd:YAG pulse vs. steady state 
substrate heating are compared in Figure 93.  The laser-exposed samples exhibit a consistently 
higher estimated temperature for these SiFx desorption thresholds.  It is posited that these values 
are higher due to the very short timescale the wafer actually spends at an elevated temperature, 
with the temperature rise falling by 77% only 100 ns after its peak, which is due to the high thermal 
diffusivity of Si, exceeding that of Al.  Alternatively, a sustained substrate temperature encourages 
etch product desorption. 
8.4. High pulsed laser fluence tests to push the limit of full desaturation 
 While these trends in fluorine surface content were interesting, practical application called 
for testing the laser-plasma etch process beyond the tagline 40 mJ/cm2 data to understand whether 
these desorption stages had a significant impact on etch rates. 
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Figure 94: High laser power data for 532 nm on Si(100) in 50:8 Ar/C4F8 chemistry.  An inflection is seen above 60 
mJ/cm2 signifying a plateauing of the etch enhancement. 
 Extending the laser intensity etch trends higher exhibits a saturation, as seen in Figure 94.  
The incremental desorption regimes are difficult to pick out, if present at all, due to experimental 
variance.  Moreover, there is a good chance that the effect of the laser on etch enhancement due to 
surface clearing/desorption is “blurred” simply because the probability of F radicals is high, even 
up to high surface coverage.  With the presence of laser heating and/or ion bombardment, it may 
be impossible to see these desorption stages manifest in the etch rate trend. 
Table 4: Calculated probabilities and standard deviations for immediate sticking upon impact of F-containing radicals 
on Si[Fx] surfaces1 
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Table 5: Calculated probabilities and standard deviations for immediate reflection upon impact of F-containing 
radicals on Si(Fx) surfaces1 
 
8.4.1. Justifying the high intensity desaturation plateau with predicted sticking probability 
The data in Table 4 and Table 5 for sticking and reflection probabilities on a bulk Si(100) 
substrate come from Tinck et al.1, calculated through LAMMPS MD simulations.  It is important 
to note that even for adsorption on a mostly-saturated surface of SiF3, the sticking probability for 
F is 0.25±0.04, on SiF2 0.61±0.05, while SiF features sticking probabilities as high as 0.93±0.04.  
Thus, it is preferential to keep the surface clear of etch product for optimized etch rate at room 
temperature, but even for <50% fluorine coverage the advantages are limited as the F sticking 
probabilities remain high.  Additionally, note that the difference between cryogenic (173 K) and  
RT (300 K) conditions only varies by a few percent.  This is due to both conditions being under 
the threshold for SiFx desorption, where x = 1, 2, 3, with SiF4 remaining volatile (as shown by its 
0.0 sticking probability in Table 4). 
The plateauing effect of laser power on etch enhancement in Figure 94 manifests at 120±10 
mJ/cm2, correlating to a predicted peak surface temperature of 353±25°C.  From the XPS data in 
Figure 91 at this areal laser power, the surface post-laser pulse is expected to have 60±3% fluorine 
coverage loss compared to the steady-state condition (in the case of a low ion energy fluorine-
based etch).  Assuming SiF4 desorbs once formed at room temperature, the surface coverage pre-
laser can be roughly envisioned as SiF3.  Upon laser exposure at 120±10 mJ/cm2, with a 60±3% 
fluorine loss, the surface is expected to approximately resemble SiF1.2±0.1.  This surface coverage, 
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when extrapolating between points in Table 4 and Table 5, signifies a fluorine sticking probability 
of 0.87±0.04 and reflection probability of 0.13±0.04. 
8.4.2. Conclusions for the limit on etch enhancement per pulse at high intensity 
From the analysis above, it is concluded that laser power beyond 120 mJ/cm2 per pulse 
only cleared the Si(100) surface to SiF at 120 mJ/cm2 up to nearly-clean Si at high power, with a 
very marginal improvement in F sticking probability from SiF to Si: 0.93→0.98.  This marginal 
improvement only provides miniscule increases in etch enhancement, causing the plateauing seen 
in Figure 94.  Thus, on top of the noted sub-threshold SiFx desorption for less F radicals required 
to etch a Si atom, the etch rate enhancement is also caused by the surface being cleared by the 
laser for a higher F sticking probability. 
8.5. Fluorine surface content – is interpreting decrease as removal valid? 
An underlying question behind these results was whether the apparent fluorine surface loss 
was actually due to diffusion into the wafer bulk, rather than surface desorption of F, F2, or SiFx 
species.  These concerns were mitigated by the work of Jeng5 et al., discussed in the next section, 
on the very unlikely possibility of F diffusion into Si. 
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Figure 95: F concentration in Si.  Samples were implanted with 30 keV F+ at 1013/cm2 and annealed for 30 minutes at 
the listed temperatures.5 
Jeng5 showed in Figure 95 that at elevated temperatures, implanted fluorine migrates 
almost exclusively to the surface, driving its desorption in the form of SiF4, as well as SiOF2 when 
oxygen is present.  With Si—F bonds being so much stronger than Si—Si and F—F, it may be that 
desorption of SiFx species coaxes the underlying fluorine upward to minimize surface energy, 
effectively depleting it from the bulk.  This confirms that the XPS results in Figure 91 and Figure 
92 are a result of F desorption and not diffusion into the bulk.  While these values are for very 
dilute fluorine dosages of 1013/cm2, or roughly 0.01 ML, it can still be inferred that this behavior 
will take place at higher surface coverages, even up to 1 ML, as the solubility limits of F in Si will 
prevail.  
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9. Comparison of laser-assisted etching vs. ion-assisted etching 
A previously-mentioned advantage of the laser process is wafer surface heating without 
susceptibility of dopant or contaminant diffusion.  While the length scales tend to be short for 
visible wavelengths, 1.3 μm absorption for 532 nm on Si still encompasses virtually any geometry 
in modern chip architecture, a choice for semi-indiscriminate heating. 266 nm light is far more 
topical, with a ~4.6 nm absorption depth, but the bond-breaking nature of UV with a 4.66 eV 
photon energy (of intensities far higher than plasma emissions) could be adverse to the devices 
being manufactured. 
These factors aside, diffusion prevention is made possible with the transient nature of the 
Q-switched pulse, the same aspect shown to facilitate etch enhancement when compared against 
CW light sources. 
9.1. Ion implantation data – stopping power/projected range in Si 
 
Figure 96: Example of projected range and stopping power of F+ in solid Si.  Stopping power was obtained from 
SRIM16 tables and range was calculated from TRIM simulation.17 
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Figure 97: Projected range and stopping power of O+ in solid Si.  Stopping power was obtained from SRIM16 tables 
and range was calculated from TRIM simulation.17 The numbers for O+ compare very closely to F+. 
 Preliminary predictions of the influence of ion implantation shows that with a self-bias of 
roughly -140 V (40 W RF power) and peak ion energy of 320 eV, the average range for F+ and O+ 
ions will be 2.2±0.1 nm, determined from SRIM/TRIM data and simulations.16, 17 This , compared 
to a range of 0.5 nm at an estimated -20 VDC sheath potential or less (estimated sheath potential 
in the absence of substrate bias) indicates a non-negligible penetration of contaminants in Si during 
the etch process which cannot be ignored with decreasing feature size in semiconductor devices. 
 However, direct implantation of contaminants is only one mechanism contributing to 
surface-level material mixing.  Induced disorder from Ar+ ions may similarly contribute to 
contaminant migration, while diffusion due to thermal conditions has been generally ruled out 
(excluding the case of high intensity laser pulsing exceeding 600°C for extremely brief moments, 
e.g. 100 ns as calculated via COMSOL in Figure 53). 
9.2. Substrate self-bias – matching network design and anodization 
The nature of ion energy created by substrate bias is driven by the plasma sheath and the 
matching network which tunes the bias.  The high mobility of electrons compared to ions due to 
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their small mass promotes an imbalance in current at the beginning of the discharge which 
ultimately results in a drift towards negative voltages throughout the RF voltage oscillation. 
 
Figure 98: L-network matching for RF power delivery to a capacitive load. Configuration b) varies from a) in the 
addition of a low value, variable “blocking” capacitor which allows the live electrode to gather and sustain a DC self-
bias due to the plasma current.  The resultant waveforms are shown in Figure 99. 
However, if the plasma current path is fully conducting to either ground or bias voltage, it 
is possible to eliminate this self-bias if the matching network, substrate, and samples are carefully 
chosen. As shown in Figure 98 a), the matching network shown produced no self-bias on a fully-
conducting aluminum electrode.  However, the addition of a blocking capacitor C2 in the 
configuration indicated in b) will allow the formation of a self-bias.  The different waveforms 
produced by matching network a) and b) are shown in Figure 99. 
 
Figure 99: Oscilloscope traces of substrate voltage using a conducting Al electrode.  The RF power was set to 40 W 
at 40 mTorr of 50:8 sccm Ar/SF6, producing a peak-to-peak voltage of 336 V.  The “symmetric” waveform 
configuration was produced without using a blocking capacitor (configuration “a” in Figure 98) while the addition of 
a blocking capacitor (configuration “b” of Figure 98) produced a “self-bias” waveform with an offset of -138 VDC. 
Maintains 
DC signal on 
electrode 
a) b) 
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Regardless of matching network design, it was desired to guarantee substrate self-bias by 
anodizing the live electrode, effectively making it non-conducting by growing a thick layer of 
Al2O3 on the surface.  This coating simultaneously made the substrate resistant to both chemical 
exposure and physical sputtering, mitigating contamination of the process chamber during etch.  
Oxidation was accomplished by having the electrode piece serve as the anode in an electrolytic 
process to force aluminum oxidation.  A cylindrical sheet in the large beaker served as the cathode, 
while the piece to be anodized was suspended in the center, submerged in 500 mL of 2 M H2SO4.  
The anodization process was run at 10 VDC and 3 A for a duration of 3 hours.  This setup is 
pictured in Figure 100. 
 
Figure 100: Aluminum anodization setup for creating a non-conducting, corrosion-resistant electrode.  The piece to 
be anodized is suspended from the crossbar over the beaker, while a cylindrical sheet of stainless steel lines the edge 
of the beaker.  A lab power supply maintains 3 A at 10 VDC for 3 hours, forcing deep oxidation of the aluminum 
surface. 
Suspended anode 
Cylindrical cathode 
DC Lab Supply 
2 M H2SO4 solution 
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9.3. Substrate bias ramping – XPS characterization of surface disorder in fluorocarbon 
chemistry 
Bias ramping results were assessed primarily by XPS (and later, SIMS) analysis to 
understand material mixing and depth of damage.  The surface-normal XPS study for the 
Ar/C4F8/O2 etch process focuses on three major systems: Si2p, O1s, and C1s systems, with an 
emphasis on F bonding.  This early probe into the XPS spectrum of etched Si features baselined 
spectra with no quantification of composition, as the quantification method was exclusive to the 
software used to record the data at the time of collection.  All the tests in this section were run 
under the conditions of 10 mTorr, 50:8:2 sccm Ar/C4F8/O2, 300 W RF (13.56 MHz) upstream ICP, 
on Si under 40 mJ/cm2 illumination at 532 nm, 100 Hz. 
9.3.1. Si2p system 
 
Figure 101: Example XPS spectrum of the Si2p system with baseline subtracted out.  Component peaks of Si-Si, Si-C, 
and Si-O/F bonds are fitted to the overall spectrum as a tool to determine general trends with substrate bias ramping/ion 
bombardment. 
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The first XPS system under consideration, Si2p, is primarily composed of three peaks – Si-
Si (99.7 eV), Si-C (101.1 eV), and Si-O/F (102.8 eV, coincident), as represented in Figure 101.  
As the surface is disordered, these peaks are fairly broad due to many varying states, with a FWHM 
of 1.3-1.5 eV, leading to overlapping signals.  Regardless, it was possible to peakfit via Matlab 
routine and estimate the influence of ion bombardment on the material properties judging by the 
change of peak intensities. 
 
Figure 102: XPS data of the Si2p system (98-104 eV) for increasing substrate bias.  20 W and 40 W RF substrate power 
were measured to be roughly 160 V and 320 V peak-to-peak, respectively, with self-bias nearly that magnitude.  
Arrows indicate increase or decrease in peak signal with increasing substrate bias. 
It is seen in Figure 102 that with increasing substrate bias during the Ar/C4F8/O2 etch, the 
Si-Si signal fell 22% at 40 W RF, while the Si-C signal drastically increased by a factor of 3.8.  
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While the Si-Si peak appears to shift right from its 99.7 eV center, it is the increasing Si-C peak 
which widens the apparent right-shoulder of the Si-Si portion of the spectrum. Si-O/F intensity 
increased by 42%, though still small in magnitude, presumably due to the volatility of CO and SiFx 
byproducts.  The Si-Si signal drop shows an introduction of disorder in the bulk Si due to the 
increasing ion bombardment, as well as significant mixing of carbon contamination into the Si. 
9.3.2. O1s system 
Regarding the O1s system, the peaks present are fairly simple.  O-Si and O-F bonds were 
the primary constituents, falling on 532.5 and 534.7 eV, respectively.  Opposed to the Si2p system, 
these peaks were slightly more resolvable due to the peak center separation and their comparable 
intensities.  However, the low oxygen retention was likely a source for the low intensity signal, as 
is evident in Figure 103. 
 
Figure 103: Example XPS spectrum of the O1s system with baseline subtracted out.  Component peaks of O-Si and O-
F bonds are fitted to the data, with typical FWHMs of 1.7-1.9 eV. 
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From the bias ramping results in Figure 104, O-Si bonds saw an increase of 71% by adding 
40 W RF bias, implying either that ions were directly forcing O into the lattice or that broken Si-
Si bonds opened more sites for O/O2 to stick and diffuse into the bulk.  This increase in O-Si signal 
in the O1s system may fully be responsible for the increase in Si-O/F intensity shown in the Si 
system, as ion bombardment is expected to release SiFx species and suppress the Si-F XPS signal. 
Alternatively, O-F bonding saw little change with substrate bias, as the prevalence of O-F 
bonds is not likely influenced by ion bombardment.  Action of fluorine etching on an SiO2-like 
surface is driven by neutral radicals, and impinging ions are similarly likely to drive O into the Si 
as they are to release SiFx from the surface, the two competing effects producing a net zero change 
on O-F bonding. 
 
Figure 104: XPS data of the O1s system (531-536 eV) for increasing substrate bias.  20 W and 40 W RF substrate 
power were measured to be roughly 160 V and 320 V peak-to-peak, respectively, with self-bias nearly that magnitude.  
Arrows indicate increase or decrease in peak signal with increasing substrate bias. 
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9.3.3. C1s system 
The third system under consideration, C1s, is composed of peaks for C-Si (283.4 eV), C-
C/H (284.6 eV, coincident), C-CFx (286.7 eV), and C-Fx=1,2,3 (289.0, 291.2, 293.4 eV, 
respectively), with varying peak FWHMs of 1.3-2.0 eV.  A representation of the peak fitting for 
this section of the spectrum is shown in Figure 105. 
 
Figure 105: Example XPS spectrum of the C1s system with baseline subtracted out.  Component peaks of C-Si, C-C/H 
(coincident), C-CFx, and C-Fx=1,2,3 are fitted and listed in the legend by increasing binding energy, with typical FWHMs 
of 1.3-2.0 eV. 
The C1s system with varying substrate bias mostly describes the behavior of the thin -[C-
Fx]- polymer during etch, plotted in Figure 106.  Firstly, the increase in the C-Si peak, manifesting 
as a left shoulder of the C-C/H peak, denotes an increase in C-Si bonding of 31%, which is in line 
with the Si2p Si-C signal increase of 42% pictured in Figure 102, affirming alloying of the carbon 
into the Si wafer due to ion bombardment.  Additionally, the C-C peak increases (51%) while the 
C-CFx and C-Fx=1,2,3 decrease by varying magnitudes.  This is signifying the formation of a thin 
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amorphous carbon layer while CFx radicals are being freed, with C-F2 and C-F3 bonding seeing a 
stronger loss (57% and 64%, respectively) under ion bombardment than C-F (38% loss).  This 
amorphous carbon formation encourages faster volatilization of the carbon/polymer layer by the 
oxygen component of the discharge. 
 
Figure 106: XPS data of the C1s system (282-295 eV) for increasing substrate bias.  20 W and 40 W RF substrate 
power were measured to be roughly 160 V and 320 V peak-to-peak, respectively, with self-bias nearly that magnitude.  
Arrows indicate increase or decrease in peak signal with increasing substrate bias. 
9.3.4. F1s system 
Finally, the F1s system was also examined and showed three peaks: F-Si (686.9 eV), F-C 
(688.8 eV), and F-O (692.1 eV), with broad FWHMs of 2.0-2.2 eV.  The signal from the F1s system 
was particularly high even compared to C1s, likely due to the reactivity of F despite the low C/F 
ratio in C4F8.  Figure 107 showcases the deconstruction of the F1s system into its component peaks. 
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Figure 107: Example XPS spectrum of the C1s system with baseline subtracted out.  Component peaks of F-Si, F-C, 
and F-O are fitted and listed in the legend by increasing binding energy, with typical FWHMs of 2.0-2.2 eV. 
The overwhelming F-C signal of the F1s system is significantly decreased by ion 
bombardment, falling to 45% of the no-bias signal.  This aligns with the diminished C-CFx and C-
Fx signal in the C1s system of Figure 106, curing the fluorocarbon polymer into amorphous carbon.  
Similarly, the 31% drop in F-O signal affirms the earlier conclusion that despite increased oxygen 
uptake due to ion bombardment, fluorine desorption through etch products is a more powerful 
mechanism under ion bombardment.  Similarly, a 26% drop in F-Si signal implies that the increase 
in the coincident Si-O/F signal in the Si2p system in Figure 102 shows that Si-O bonding under ion 
bombardment outweighs Si-F loss. 
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Figure 108: XPS data of the F1s system (685-694 eV) for increasing substrate bias.  20 W and 40 W RF substrate 
power were measured to be roughly 160 V and 320 V peak-to-peak, respectively, with self-bias nearly that magnitude.  
Arrows indicate increase or decrease in peak signal with increasing substrate bias. 
9.3.5. Qualitative summary of XPS bias ramping data 
To summarize, the introduction of substrate bias, while exacerbating the removal of 
SiFx=1,2,3 etch products (which is already well-understood), proved to increase Si oxidation and Si-
C alloying, while transforming the thin CFx polymer into amorphous carbon.  For IC device 
features approaching 7 and 5 nm in next-generation technology nodes, these XPS spectra 
demonstrated that ion bombardment will be a significant source of contaminant diffusion, leading 
to parasitic capacitance, undue contact resistance, and potential device failure.  The ability to 
anisotropically etch features in the absence of ion bombardment/substrate bias will be highly useful 
to preserve the atomic fidelity of device features. 
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9.4. SIMS depth profiling of laser-exposed and ion-bombarded etched Si samples 
While the XPS data painted a picture of surface-level damage and material mixing due to 
ion bombardment, depth profiling was necessary to demonstrate the advantage of laser-assisted 
(and potentially ion-less) etching in maintaining atomic distinction on the nanometer scale.  
Similarly, the previous XPS data did not provide a reference point against no-laser, no-bias data, 
since all experiments involved bias ramping under pulsed laser irradiation.  The following study 
focused on making the distinction between exclusive bias damage and any potential damage 
caused by the laser. 
9.4.1. Discussion of SIMS methodology 
SIMS depth profiling for material composition was the ideal candidate, as the XPS analysis 
tool used in this work could not reliably perform depth profiling at the time.  The resolution in 
depth profiling varies by material, but for Si it was reasonable to expect roughly 0.8-1.0 nm.18  
Depth of the profile was measured post-ion milling with profilometer to ensure the accuracy in 
etch rate of the diagnostic.  Thankfully, due to the shallow depth examined, the etched Si samples 
were generally expected to etch homogeneously, providing a linear conversion of SIMS etch time 
to etch depth. 
Similar methodology was applied SIMS sample preparation as the XPS prep described in 
steps a) through d) of Figure 89 (p.97), but in a fluorocarbon chemistry: a 50:8:1.5 Ar/C4F8/O2 
polymer-lean recipe at 300 W RF ICP, with substrate bias varied in increments of 10 W RF up to 
40 W, corresponding to self-bias increasing in increments of  roughly -35 VDC.  The sample was 
removed into the load lock, vented generously with N2, and sealed in a wafer container via Parafilm 
for prompt SIMS analysis. 
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Four species were tracked in the SIMS depth profile: Si28, 29, C12, 13, O16, 17, and F19, 
excluding O18 and F18, as well as C14, due to potential overlap with doubly-ionized Si28 and N14 
contamination from venting.  All of these species could be detected exclusively as negative ions, 
as shown in Figure 109.  Conveniently, the commonality of these elements meant that ion-
implanted-Si28 standards were available to quantify and convert raw count data to atomic 
percentage (at%). 
 
Figure 109: Mass resolution and counts per second (cps) of a Si substrate bombarded by a SIMS Cs+ beam, from van 
der Heide.18  Note that the abundance of alternative isotopes are typically more than 1-2 orders of magnitude less.  The 
potential overlap of O18 and F18, as well as C14 with N14 contamination, may lead to misattribution of one signal for 
the other, and thus these less-prevalent isotopes are ignored. 
9.4.2. No-laser, no-bias “etch” reference profile 
A reference profile was taken for 50:8:1.5 sccm Ar/C4F8/O2, with no laser and no bias 
applied.  This data is shown in Figure 110.  The profile consists of a surface-level CFx polymer 
layer, followed by a SiFy interlayer.  This fluorocarbon recipe is just barely below the O2 flow for 
etch onset in the absence of biased ion bombardment.  The steady-state CFx layer appears to be 
~3.5 nm with <1 nm of carbon encroaching into the Si interface.  Measuring from the 10% Si mark 
to the 10% F mark, the SiFx interlayer is approximately 1.2 nm thick.  Oxygen is present minimally 
in the polymer layer, while it sees increased uptake/retention in the Si, resulting in a peak in O 
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fraction 3.7 nm below the surface.  The near-zero Si signal at 0 nm loosely signifies a zero etch 
rate.  On maintaining a pristine Si boundary, using van der Haide’s rule of thumb,18 the transition 
from 16% to 84% Si composition is 0.9 nm (the predicted depth resolution of the SIMS tool for 
Si).  Thus, the Si surface “etched” under no self-bias and no laser exposure remains generally 
undisturbed. 
 Note that in Figure 110 and all other SIMS profiles in this section, the signal for each 
species is fairly noisy, particularly during the initiation of the profiling, as both the energy and 
fluence of the ion beam were dialed down to improve depth resolution, since only the first 5-10 
nm was the focus of the study. 
 
Figure 110: SIMS depth profile of lightly-etched Si using 50:8:1.5 sccm Ar/C4F8/O2 at 10 mTorr, 300 W RF ICP, with 
no substrate bias and no laser exposure. 
F 
C 
O 
Si 
121 
 
9.4.3. Bias, no-laser etch profile spreading the Si interlayer and increasing contaminant 
penetration 
 The next profile examined was of etched Si using the same recipe with no laser exposure 
but 20 W RF substrate bias, resulting in -70 VDC self-bias.  The result was a thinned CFx layer 
with significantly diminished F content compared to the 1:2 C/F ratio seen in the no-bias case of 
Figure 110, with the F signal falling below C.  The spread in the Si “interface” is much wider, 
exceeding 2 nm. More Si also shows up at the surface, signifying etching.  However, there is no 
longer a distinction between the CFx and SiFy layers – the carbon signal spills into the Si bulk 
upwards of 3-4 nm.  This mixing/overlap is indicative of ion-induced disorder and the existence 
of a moving damaged layer. 
 
Figure 111: SIMS depth profile of lightly-etched Si using 50:8:1.5 sccm Ar/C4F8/O2 at 10 mTorr, 300 W RF ICP, with 
no substrate bias and 20 W RF bias, resulting in a -70 VDC self-bias. 
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 Finally, for the last case of substrate bias, a SIMS depth profile was recorded for 40 W RF, 
with a measured self-bias of -140 VDC, shown in Figure 112.  The CFx layer in this case is thinner, 
measuring 2.0 nm against 2.6 nm at -70 VDC self-bias.  However, it further resembles amorphous 
carbon, with diminished F content compared to Figure 111.  All species intrude further into the 
bulk now, with non-negligible C, F, and O signals extending as far as the Si, exceeding 3 nm in its 
straggle.  Increased uptake of F and O are still seen due to their reactivity with Si, which also aligns 
with the O-Si O1s data in Figure 104 but conflicts with the drop in F-Si F1s signal in Figure 108.  
The etch rate is also increased, with ~4% Si now exposed at the top of the damaged layer. 
 
Figure 112: SIMS depth profile of lightly-etched Si using 50:8:1.5 sccm Ar/C4F8/O2 at 10 mTorr, 300 W RF ICP, with 
no substrate bias and no laser exposure. 
9.4.4. Laser, no-bias etch profile thinning the CFx inhibitor layer for etch onset 
With substrate bias profiles shown as a reference, Nd:YAG laser pulsing was introduced 
as an alternative means to stimulate etching in the fluorocarbon/oxygen mixture.  Unfortunately, 
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producing a reliable snapshot of the surface post-laser pulse wasn’t possible like what was done 
for the XPS fluorine content tests in Figure 91, where a single laser pulse would modify a post-
SF6-etched Si surface.  It is essential to mention the possibility of surface variation pre- and post-
laser pulse, which may vary significantly.  This was due to the necessity of the laser to actively 
overcome the CFx polymer during etching; simply exposing the surface to a laser pulse after no 
etch had taken place would produce a fundamentally different result.  Unfortunately, as already 
mentioned, fast in-situ diagnostics to measure surface composition were not available, so the 
following data is presented with this caveat in mind. 
 
Figure 113: SIMS depth profile of lightly-etched Si using 50:8:1.5 sccm Ar/C4F8/O2 at 10 mTorr, 300 W RF ICP, with 
no substrate bias and 20 mJ/cm2 of 532 nm Nd:YAG at 100 Hz. 
 The introduction of 20 mJ/cm2 pulses of 532 nm Nd:YAG at 100 Hz (2 W/cm2 average) 
for the duration of the plasma resulted in the depth profile in Figure 113.  Compared to the no 
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laser/no bias case in Figure 110, this laser-exposed profile presents a thinner CFx layer (3.5 → 2.8 
nm) with minor C mixing into the Si bulk when compared to the -70 and -140 VDC self-bias 
profiles.   
Most interestingly, the C/F ratio of the CFx layer is maintained at 1:2 at the surface, 
reflecting the stoichiometry of the etch gas C4F8.  However, C/F increases starting at 2 nm, where 
the SiFy layer begins.  It is believed that the sub-surface laser heating in the Si drives SiFy bonding 
and migration through the CFx layer, signified by the 3-4% Si content at 0 nm.  This thinning of 
the CFx layer and thermally-driven diffusion of SiFy to volatilize are the driving mechanisms for 
etch enhancement in fluorocarbon chemistry. 
 
Figure 114: SIMS depth profile of lightly-etched Si using 50:8:1.5 sccm Ar/C4F8/O2 at 10 mTorr, 300 W RF ICP, with 
no substrate bias and 40 mJ/cm2 of 532 nm Nd:YAG at 100 Hz. 
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 The pulse energy was increased to 40 mJ/cm2, resulting in the profile shown in Figure 114.  
Now the CFx layer has decreased in size, measuring roughly 1.8 nm.  Similar to 20 mJ/cm
2, the 
C/F ratio at the surface is nearly 1:2, while at ratio drops to nearly parity a couple nm beneath the 
surface.   Carbon encroaches into the SiFx interlayer, though that layer still remains small – 1.2 
nm.  The Si signal at the surface remains ~3%, so the improved etch rate at 40 mJ/cm2 over 20 
mJ/cm2 is likely implied by the thinner CFx layer, rather than a stronger Si composition at 0 nm. 
9.4.5. Comparison of laser-exposed and ion-bombarded damage layer post-etch 
 For visibility, these profiles were combined into Figure 115 for a side-by-side comparison 
showing the two datasets: 0/20/40 W RF bias, and 0/20/40 mJ/cm2/pulse 532 nm. 
 
 
Figure 115: SIMS depth profiles of a) no laser/no plasma control test, b) 20 W RF substrate bias, c) 40 W RF substrate 
bias, d) 20 mJ/cm2/pulse 532 nm Nd:YAG, and e) 40 mJ/cm2/pulse 532 nm Nd:YAG. 
The major distinction between ion-enhanced and laser-enhanced etching is shown by the 
thickness of the SiFy interlayer and the presence of C/F/O species in the bulk Si.  The change in 
a) 
b) c) 
d)  e) 
0 W bias 
0 mJ/cm2 
20 W bias 40 W bias 
20 mJ/cm2 40 mJ/cm2 
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these layers for increasing substrate bias is shown in Figure 116, while the laser power ramping 
data is shown in Figure 117. 
 
Figure 116: Estimated layer thickness of CFx, SiFx, and Si straggle/spread of etched Si in 50:8:1.5 sccm Ar/C4F8/O2 
at 10 mTorr with 300 W upstream ICP and RF-biased substrate of varying power (0-40 W, in 10 W increments) and 
no laser exposure. 
 The constructed trends show laser exposure to be much more aggressive in thinning the 
CFx layer to produce a positive etch rate, while substrate bias relies on introducing disorder to 
cause SiFy to migrate to the surface and volatilize.  The SiFy layer similarly increases due to ion 
bombardment because of this disorder, while it remains mostly constant (1.4-1.7 nm) within error 
bars for laser-assisted etching.  Lastly, the straggle in Si induced by ion bombardment (3.6 nm at 
-140 VDC self-bias) is significantly higher, while pulsed laser exposure seems to do little to blur 
the boundary.  It is shown that for -140 VDC self-bias (or 360 V peak-to-peak—Figure 99), the 
values of Si straggle, C/F/O penetration, etc. are all near the expected values predicted by TRIM 
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in Figure 96 and Figure 97 for a maximum energy of ~360 eV ions, loosely cross-verifying TRIM 
with SIMS data. 
 
Figure 117: Estimated layer thickness of CFx, SiFx, and Si straggle/spread of etched Si in 50:8:1.5 sccm Ar/C4F8/O2 
at 10 mTorr with 300 W upstream ICP and no substrate bias aside from the plasma sheath, with 100 Hz pulsed 
Nd:YAG laser exposure at 532 nm up to 40 mJ/cm2.  
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10. Patterned wafer etch tests 
 To prove the applicability of laser stimulation as a viable etch mechanism for wafer 
processing, preliminary etch tests were conducted on a 100 nm full-pitch, 60 nm CD linear trench 
pattern provided by Applied Materials.  This patterned wafer was initially intended for testing 
metallization/trench filling through magnetron sputtering, with the hardmask already removed.  
The absence of hardmask was a detriment to anisotropic etching, but the DEAL (directed etch 
assisted by laser) process was still applied with a slow, simple etch recipe: very dilute Ar/SF6 (50:1 
sccm, 40 mTorr) at low source power (100 W ICP) for a brief duration (60 seconds) with the 
substrate assembly 17 cm downstream from the ICP source. 
 
Figure 118: Cross-sectional SEM of un-etched Si (light gray) trenches with no hardmask.  CD was 60±5 nm with 
100±2 nm full pitch and 120±10 nm depth. 
 The trench pattern tested is shown in Figure 118, consisting entirely of Si.  The trench pitch 
is 100±2 nm with 60±5 nm CD and a depth of 120±10 nm.  After the dilute SF6 etch, the trench 
array is shown in Figure 119. 
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Figure 119: Cross-sectional SEM of Si (light gray) trenches post-etch in 40 mTorr of 50:1 sccm Ar/SF6, etched for 60 
s at 100 W ICP power.  Due to the lack of hardmask, the tops of the features begin rounding.  Trench depth remained 
roughly the same as pre-etch, measuring 125±5 nm.  Additionally, the sidewalls are thinned due to the lack of inhibitor 
and bias, resulting in ~50 nm CD.  
The trenches post-etch were isotropically thinned, maintaining roughly the same depth 
(125±5 nm) but falling to ~50 nm thickness.  This establishes the baseline etch process for when 
the laser is introduced.  Two conditions were tested using 40 mJ/cm2/pulse 532 nm Nd:YAG at 
100 Hz: perpendicular and parallel to the trench line.  The intent was to test polarization 
dependence due to pattern features much smaller than the beam wavelength, which was modeled 
in COMSOL and predicted by the power dissipation results in Figure 61 and Figure 62 (p.66-67).  
If these simulations were correct, then polarization perpendicular to the trench line will 
substantially heat the trench base, while polarization parallel to the trenches aggressively heats the 
tops of the features.  This location-selective heating is predicted to shape the etch profile based on 
polarization and intensity. 
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Figure 120: Cross-sectional SEM of Si (light gray) trenches post-etch in 40 mTorr of 50:1 sccm Ar/SF6, etched for 60 
s at 100 W ICP power, exposed by 532 nm Nd:YAG at 35±2 mJ/cm2/pulse, 100 Hz.  Laser polarization was 
perpendicular to the trench line (left-to-right).  Sidewalls near the base of the trench were thinned to 30-40 nm, but 
the trench depth increased to 140±5 nm, compared to 115±5 nm in the control etch in Figure 120. 
 The introduction of the laser during etch with polarization perpendicular to the trench line 
is shown in Figure 120.  While the sidewalls are slightly thinner than the no-laser control etch, the 
etching at the trench base is much more aggressive, agreeing with the COMSOL material heating 
data in Figure 62.  The feature undercutting at the trench base may potentially be avoided by 
decreasing laser pulse intensity to prevent heat spillover to the sidewalls. 
Alternatively, Figure 121 shows the profile with laser polarization parallel to the trench 
line, with a drastically-diminished trench depth of 90±5 nm.  Critical dimension is roughly the 
same as the control etch, but significant etching of the feature top is seen, isotropically narrowing 
to a point. 
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Figure 121: Cross-sectional SEM of Si (light gray) trenches post-etch in 40 mTorr of 50:1 sccm Ar/SF6, etched for 60 
s at 100 W ICP power, exposed by 532 nm Nd:YAG at 35±2 mJ/cm2/pulse, 100 Hz.  Laser polarization was parallel 
to the trench line (left-to-right).  Trench depth fell to 90±5 nm.  The CD remained roughly 50 nm, though there was 
considerable narrowing at the top of each feature. 
A side-by-side comparison of these trench profiles is shown in Figure 122.  Note the slight 
increase in feature height for ⊥ polarization in part c) compared to the baseline etch in b), while 
the ∥ polarization profile d) is degraded relative to b). 
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Figure 122: a) Si line trench profile pre-etch, b) post-etch (60 sec. of 50:1 sccm Ar/SF6 at 9 mTorr, 100 W ICP, 17 cm 
downstream from the ICP), c) post-etch with 40 mJ/cm2/pulse 532 nm laser with polarization perpendicular to the 
trench line, and d) post-etch with 40 mJ/cm2/pulse 532 nm with polarization parallel to the trench line.  This is a 
compilation of Figure 118-Figure 121. 
 These 2D etch profile results coincide with what was expected based on the COMSOL 
wave optics/thermal modeling of trench structures.  This is very encouraging in proving that profile 
control via pulsed laser heating is very possible at small feature size.  However, it also poses a 
great challenge in implementation, since very few wafer patterns use single-direction linear 
patterns.  This caveat should be constantly kept in mind if this process should progress beyond a 
research lab and become a candidate for the production line. 
  
a) b) 
c) d) 
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11. Conclusions 
 This study successfully articulated the effect of light exposure mid-plasma etch on Si for 
wavelengths and timescale regimes that had generally gone un-investigated. 
11.1. Local control of etch rate 
 Etch enhancement was observed in both direct fluorine (SF6) and fluorocarbon/inhibitor 
(C4F8) (Figure 40, p.46) etch chemistries, notably etching even in recipes which saturate with CFx 
polymer in the absence of laser exposure (Figure 41, p.47).  This etch enhancement is seen in both 
532 and 266 nm laser outputs of the pulsed Nd:YAG with etch onset at 6 mJ/cm2 per pulse (0.6 
W/cm2 average intensity) and 266 nm showing a factor of 6-7 higher etch enhancement for the 
same laser intensity.  This meant several things: 
• A localized control of etch rate for opaque subjects via directable light source 
• Etch onset in chemistries which otherwise exhibit zero/negligible etch rate 
• A potential replacement of ion bombardment as a mechanism for anisotropic etch 
Dithering the beam optics was shown to be necessary, as a coherent source produces a 
microscopic beam speckle which impacts etch uniformity (Figure 46, p.51) and film thickness 
measurement (Figure 47, p.52). 
11.2. Preferability (or necessity) of pulsed heating 
 CW lasers of 405, 455, and 520 nm were similarly tested, but even >200 W/cm2 intensity 
was insufficient to produce etch enhancement in any etch recipe tested (Figure 50, p.55).  The lack 
of effect by CW laser sources signified the importance of the phenomenal instantaneous laser 
intensity featured by the Q-switched Nd:YAG laser.  Pulsed with ~7 ns pulsed width, producing 
temporal laser intensities as high as tens of MW/cm2 seemed to be advantageous over full wafer 
heating at a sustained and continuously elevated temperature. 
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 This inspired the COMSOL simulations of time-dependent wafer heating under pulsed 
laser fluence featured in section 4.4.  It was shown that Si wafer surface temperature, even at 532 
nm, can exceed 500°C at 200 mJ/cm2, though this sustained heating is very topical and only dwells 
for ~100 ns due to rapid conduction into the bulk wafer (Figure 53, p.58).  This, in fact, is a 
preferred option over CW heating, as it allows all the same benefits of sustained heating while 
remaining within a significantly lower thermal budget.  As a positive consequence, this minimizes 
volatilization of low-k dielectrics, cross-barrier diffusion, and thermal stresses throughout the 
wafer stack. 
11.3. Gas arrival rate, surface saturation time, and laser pulsing 
 With laser-assisted etch enhancement demonstrated for specific etch chemistries, laser 
wavelengths, and pulsing regimes, it was expedient to describe the etch mechanism and surface 
chemistry to predictively determine eligible situations in which this process could be applied. 
 The first test of laser pulse rate ramping at varied (low) pressure conditions demonstrated 
a diminishing return in material removal per laser pulse with increasing high pulse rate, a drop-off 
whose onset coincided with the predicted F surface saturation time (Figure 79, p.85).  This effect 
similarly manifested in fluorocarbon chemistry, though a minimum pulse rate was needed to 
adequately overcome the deposition of the polymer inhibitor.  Thus, it was shown that an 
intermediate pulse rate optimized material removal per pulse, with increasing pressure shifting that 
optimization to higher pulse rate with a narrower window (Figure 82, p.87). 
11.4. Establishment of etch enhancement by visible light as a thermal effect 
 Through varying the absorption coefficient via impurity doping while maintaining 
isochemical etch conditions, the tests in Chapter 7 concluded that the etch mechanism was 
thermally-driven desorption of etch products.  Exponentially increasing dopant concentration 
(Figure 83, p.89) leads to a significant increase in etch enhancement per unit laser intensity, 
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manifest in the linear trendlines of Figure 84 (p.90), where the etch enhancement by 532 nm on 
highly-doped Si aims to rival that of 266 nm.  Ultimately, this confirmed that the laser etch 
enhancement is thermally-driven desorption rather than photolytic bond breaking.  These results 
fall in line with predictive COMSOL modeling of surface temperature vs. absorption coefficient 
(Figure 59, p. 63). 
11.5. Fluorinated surface characterization of laser-exposed, plasma-etched Si 
XPS quantification of F surface coverage post laser exposure exhibited three desorption 
thresholds at different pulse intensities (Figure 91, p.99), possibly tied to the progressively-
increasing surface energy required to remove SiF3, SiF2, and SiF (Figure 88, p.96).  Attempting to 
desorb the fluorinated layer through in-situ substrate heating produced a near-identical trend in 
surface coverage (Figure 92, p.100), further validating the assertion that the mechanism of etch 
enhancement is thermal.  However, these desorption regimes were unilaterally shifted to lower 
temperatures in the in-situ heating model (Figure 93, p.101), implying that the shortened time 
(~100 ns each pulse) the Si surface spends near its peak temperature reduces the probability of a 
SiFx-terminated surface site to achieve the energy it needs to desorb. 
Like the diminishing returns in pulse rate seen in Chapter 6, a limit to surface desaturation 
by the laser was seen at high intensities (Figure 94, p.102), placing a limit on material removal per 
pulse that can be achieved by desorption alone. 
11.6. Examination of the damaged etch-front layer and advantages of laser exposure over 
ion bombardment 
With a qualitative introduction of the mixing effect strong DC bias can have on a 
fluorocarbon-etched surface via XPS, it was shown that ion bombardment results in Si–Si bond 
breaking (Figure 102, p.111), a significant increase in oxidation (Figure 104, p.113), alloying of 
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carbon into the bulk wafer (Figure 102, p.111; Figure 106, p.115), and a conversion of the 
fluorocarbon polymer into an amorphous carbon layer (Figure 106, p.115; Figure 108, p.117). 
 To show an explicit representation of how laser-enhanced etching compared to energetic 
reactive ion etching, SIMS depth profiles were taken in a lean (but saturated) fluorocarbon 
chemistry, in one case using 532 nm Nd:YAG laser exposure to stimulate etching, and in the other 
case using ion bombardment, accomplished through substrate RF biasing to produce a large, 
negative DC potential.   
The results showed that laser exposure thinned the polymer layer and depleted the SiFx 
interlayer while mostly preserving the distinctness of the Si surface (Figure 113, p.123; Figure 
114, p.124), with a minimal Si straggle/spreading compared to the no-laser condition (Figure 117, 
p.127).  In contrast, for increasingly negative self-bias voltages, the ion bombardment case 
exhibited significant Si straggle, the formation of a carbon layer through depletion of fluorine in 
the polymer (agreeing with the XPS results in Figure 106, p.115), and the incorporation of C, O, 
and F several nanometers deep into the Si surface (Figure 111, p.121; Figure 112, p.122). 
Though a slower process, laser-enhanced etching in the absence of ion bombardment was 
easily superior in regard to maintaining surface fidelity and limiting damage. 
11.7. Trench etching and polarization sensitivity of patterned structures 
 As a final test and possibly a launching point for future work, the laser-enhanced etch 
technique was tested on patterned Si wafers provided by Applied Materials of 100 nm pitch, 60 
nm CD, and 120 nm depth.  With no hardmask, only a brief etch recipe of dilute Ar/SF6 (50:1 
sccm, 40 mTorr) was used with low ICP power (100 W) and no substrate bias.  It was apparent 
that laser polarization played a major factor in where the etch enhancement occurred in the trench 
structure: perpendicular to the trench line (Figure 120, p.130) resulted in deepening of the trench 
and potential undercut of the structure at the trench base, while polarization parallel to the trench 
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line (Figure 121, p.131) flattened the trench profile due to more aggressive etching at the feature 
top.  Despite these scarce data points without a proper hardmask, these 2D etch results were a 
direct confirmation of the predicted polarization dependence in linear wafer patterns of small 
features (Figure 62, p.67) and a proof of concept that the DEAL process can be used to tailor etch 
profile. 
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12. Future work 
 The direction this work will take is likely to depend on the needs of industry today and in 
the coming decade. 
12.1. Si patterned wafer etch 
 The data of Chapter 10 is very encouraging, demonstrating with ~50 nm features that etch 
rate can be controlled within the etched structure by utilizing the polarization-dependent heating 
profile.  However, this is still very far from application, as a complex wafer pattern on the 
microscopic scale is not conducive to full-wafer laser heating.  The form of the profile is expected 
to change over the duration of the etch, as well, making laser exposure a very unpredictable 
influence. 
12.2. Conductor etch 
Room temperature metal etch was tested in this work with copper using an Ar/CCl4 plasma.  
Non-volatile etch products, likely CuCl, CuCl2, and Cu3Cl3, were cleared from the surface by high-
power 1064 nm Nd:YAG,   This breaks away from the typical mandate Si and other 
semiconductors placed on having a wavelength in the UV-VIS range, since Cu absorption depth, 
like most metals, is ~10 nm across the entire UV-VIS-NIR spectrum.  Unfortunately, further 
investigation of metal etch was not pursued due to time constraints. 
 Despite this, a new technique calls for a wide investigation of compatible materials and 
market injection points.  With respects to conductor etch, cobalt and ruthenium are up-and-coming 
candidates for the barrier/liner in back-end-of-line (BEOL) metallization for transistor contacts, 
replacing W and Ti/TaN.  As conductive barrier materials, they prevent Cu transport/diffusion 
while mitigating contact resistance.  Cobalt is slightly less resistive than ruthenium: 6.2·10-6 Ω-cm 
vs. 7.1·10-6 Ω-cm, though copper wets ruthenium much more readily, allowing for easier 
electroless wet processes to deposit the barrier layer.  Co is also being considered as a replacement 
139 
 
to Cu interconnects, as its low electron mean free path make it ideal for 7 and 5 nm nodes, as 
ballistic electron collisions cause thin cross-section wires to rapidly increase in resistivity. 
 
Figure 123: Typical metallization architecture for BEOL contacts at larger nodes.  FinFET geometry would be 
expectedly more forgiving in terms of fill/pinch off due to increased taper.39 
Alongside copper, cobalt tends to require elevated temperature and chlorine chemistry in 
order to etch with plasma.  Fluorine chemistry in CF4/O2 mixtures has been shown (Figure 124) to 
only initiate etch above 380°C, so long as sufficient ion bombardment is present.36  This pushes 
the limit of modern thermal budget requirements, due to the presence of low-κ dielectrics such as 
SiCOH which become significantly less stable as dielectric constant κ falls below 2.5. 
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Figure 124: Etch rate vs. temperature for 100 sccm, 350 mTorr CF4/O2 4:1 ratio (F signal optimized via OES), 220W 
RF with -300 VDC.36 
Cobalt will be the focus of this study due to the low cost of sputter targets (2” dia.×0.25” 
thick 4N, $200) relative to ruthenium (3N5, $940 for the same dimension).  With the assistance of 
laser stimulation, it is expected that ConXm (X = F, Cl; n = 1-2; m = 2-3) etch products can be 
volatilized without the need of a heated substrate.  Like copper, 1064 nm will be the primary 
wavelength of interest due to high power output and roughly constant absorption coefficient for 
200-1200 nm. 
On the subject of BEOL, it is also an industrial desire to etch Ta(N)/Ti(N) selective to W, 
as these are the materials currently used at the 14-10 nm node.39  The high volatility of WF6 (TBP 
= 17.6°C) compared to TaF5 (229.5°C) and TiF4 (284°C) make selective etching of tungsten etch 
over Ta/Ti easy, but not the converse.  Shifting to chlorine chemistry should give the elbow room 
to etch Ta and Ti without removing W, as the chlorides have inverted volatility compared to F 
chemistry (boiling points – WCl5 = 275.6°C, WCl6 = 346.7°C, TaCl5 = 242°C, TiCl4 = 136.4°C).40   
Additionally, residual Cl is much easier to remove than F through annealing, which would 
otherwise adversely affect conductivity as a mixed tungsten salt. 
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Finally, the last metals of interest are Mo and W, with the advent of 2D metal chalcogenide 
semiconductors (WS2, WSe2, MoS2, MoSe2).  The ability to selectively etch Mo over 
semiconductor and dielectric by utilizing red/IR wavelengths would be an excellent tool, as 
optimized Mo and Mo chalcogenide etch processes tend to require SF6/O2 mixtures for substantial 
etch rates and minimal surface roughness41, a chemistry which would aggressively etch most 
semiconductors and dielectrics.  The ability to shift to chlorine chemistry and activate metal or 
metal-chalcogenide surfaces by laser fluence can allow selective etching of Mo and W over Si, 
Ge, SiO2, SiN, etc. 
12.3. Process integration 
 Ultimately, a candidate etch process such as this must be integrated into a wafer processing 
tool.  Professional etchers tend to be limited on space and geometry, which may be restricting for 
something such as laser processing which requires a line of sight of the wafer. 
 
Figure 125: Potential DLP setup with overhead mirror angle determining the laser location on the wafer in a 
hypothetical etch tool.  Normal incidence may be ideal, but in practice that is not likely to be achieved in a standard 
plasma etcher. 
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Beam delivery may be achieved by a micromechanical mirror setup that’s commonly used 
in digital light processing (DLP) devices, such as projectors and laser shows; such a setup is 
visualized in Figure 125.  However, any in-chamber optics will be restricted to materials which 
are compatible with the etch chemistry, but even residue buildup on the optics may require a 
shorter mean time to chamber clean (MTTC). 
Another area of concern is scalability, something not addressed in this work but still a very 
important factor regarding laser output, equipment costs, and overall wafer throughput.  
Regardless, the nature of this challenge falls to the hardware and process engineers who aim to 
incorporate the DEAL process into the IC production line. 
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